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Chapter  II 

Astrospeotrosoopy 

iLWn 
By  Q.  A.    Shine 

1.     The  Speotrograph  General  Theory,     The  application  of  the  speotro  scope 
to  astronomy  began  about  the  year  1860.     At  first  a  prism  placed  on  the  object- 
ive was  used,  and  the  spectrum  was  observed  in  the  focal  plane  by  means  of  an 
eye-glass.     However,  it  seen  became  »r>oar»nt  that  for  the  determination  of  wave- 
lengths of  spectral  lines  it  is  necessary  to  have  for  purposes  of  comparison 
the  spectrum  of  a  terrestrial  element  beside  the  spectrum  of  a  celestial  body. 
In  this  connection,  and  also  because  of  the  requirements  of  greater  purity  of 
the  spectrum,  spectroscopes  having  oolliaators  and  slits  wore  indroduoed.     Be- 
sides, a  spectroscope  of  direct  vision  was.  also  used.     In  order  to  obtain  a 
greater  resolving  power  in  the  investigation  of  the  solar  spectrum  a  spectro- 
scope with  a  diffraction  grating  is  used.     The  introduction  of  photography  in 
astronosqr  has  opened  a  new  era  in  the  application  of  the  spectroscope,    A 
spectroscope  with  a  photographic  camera  is  called  a  speotrograph. 

The  speotrograph,  a  powerful  instrument  for  astrophysics/ is  used  only  in 
combination  with' the  telescope  which,  in  this  ease,  should  be  regarded  only  as 
an  additional  part  of  the  speotrograph.     In  describing  the  speotrograph  we 
•ball  not  go  into  geometrical  and  physical  optios  as  given  in  Physios,  but  shall 
merely  stress  a  few  ideas  and  details  which  are  of  great  importance  from  the 
astronomical  point  of  view.  .  ^ 

The  speotrograph  is  characterised  by  the  following  four  quantities t  &* Q 
1)  angular  dispersion,  2)  linear  dispersion,  3)  resolving  power,  and  4)  purity 
of  spectrum. 

1)  Dispersion  and  Resolv«-\<;  Powev.    Anejl&r  dispersion  is  the  quantity eL& 
which  characterises  the  change  in  the  direction  of  rays  in  their  passing  through 
a  prism  within  the  limits  of  a  narrow  section  of  wavo-lengthsoO(£  is  the  angle 
of  deviation).     The  angular  dispersion  depends  only  on  the  properties  of  the 
prism.     Under  minium  deviation 


where  A  is  the  angle  of  refraction,  p  is  the  index  of  refraction. 

Linear  dispersion     is  the  quantity 4^  ' M. O&CL.O o~  wnar*  *  *•  tn*  *°Pai 
distance  of  the  objective  of  the  camera  expressed  in  millimeters,  and 
is  expressed  in  seconds  of  are.     The  linear  dispersion  shows  how  many  angstrom* 
are  in  IBB  of  the  length  of  the  spectrum  near  the  given  wave-length  > 

The  resolving  fewer  of  a  prism    JA  character lies  that  difference  in  wave- 
le    -;::          for  which  two  neighboringAl£nes  may  be  separated  when  the  slit  of 
the  speotrograph  is  infinitely  narrow.     This  quantity  depends  only  on  the  pro- 
perties of  the  prism.     It  is  easy  to  show  that  the  resolving  power  of  a  prism  is 
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where  t.  and  t£  are  the  longest  and  shortest  paths  of  the  rays  in  the  prism 
and  |i  is  the  iadex  of  refraction.  Bias*  t.  Is  usually  equal  to  sero  and  t. 
is  close  to  the  length  of  the  base  of  the  prism,  it  is  evident  that  in  order 
to  increase  the  resolving  power  it  is  desirable  to  use  larger  prisms.  It  also 
follows  that  the  resolving  power  is  proportional  to  the  number  of  prisms  in  a 
apeotrograph  •  The  resolving  power  is  expressed  in  units  which  are  1000 
as  large  as  the  usual  ones»  for  instance  instead  of  50000  we  write  30.  Of 
some  in-cerest  is  the  following  formula 


which  shows  the  relation  between  the  angular  dispersion,  the  resolving  power 
and  the  siie  of  the  prism  (°c  is  the  diameter  of  a  pencil  of  rays  falling  on 
the  prism). 

The  conception  of  resolving  power  is  rela+*d  to  infinitely  thin  lines  and 
a  infinitely  narrow  slit.  As  such  things  nevei  obtain  in  practice,  the  con- 
ception of  the  purity  of  apeotrum  is  introduced  which  characterises  that  differ- 
ence of  wavelengths  of  two  neighboring  (monochromatic)  lines  at  which  the  lat- 
ter still  remain  separated  for  a  given  finite  width  d  of  the  slit.  Schuster 
gives  the  following  simple  formula  which  expreas9a  the  relation  betrcan  the 
purity  Ft  resolving  power  R,  width  of  slit  d,  and  angle  y  under  which  the 
oolliaator  of  the  objective  is  seen  from  the  center  of  the  slit: 
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The  derivation  of  this  formula  is  based  on  Rayleight's  theorem  according 
to  which  two  close  lines  are  separated  when  the  maximum  of  intensity  of  the 
dif fractional  image  (each  monochromatic  line  represents  a  diffraetional  image 
of  the  slit)  of  one  of  them  fall*  upon  the  first  minimum  of  the  second  line. 
The  distance  of  the  first  minimum  -l_  from  the  chief  maximum  is  determined  from 
the  formula 

(5) 


where  a,  is  approximately  the  width  of  the  pencil  of  rays  entering  the  object- 
ive of  the  tube  or  camera,  and  f  is  the  fooal  distance  of  the  latter. 

Indeed  the  resolving  power  and  the  purity  of  the  spectrum  are  determined 
by  the  superposition  of  dif  fractional  phenomena  ooouring  because  of  the  passing 
of  the  pencil  of  light  through  the  slit  and  of  ths  limitation  of  the  aperture 
of  the  optical  parts  of  the  speotrograph.  In  the  case  of  an  infinitely  nar- 
row slit  the  distribution  of  intensity  in  the  diffraotional  image  is  repressed 
by  the  formula  known  from  Physios  t 
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If  the  slit  has  a  finite  width  d  we  shall  havet 

(7) 


(  -  rx'Tr  >  6  ^JTT77  '^'    '**  ***  diat*noe»  expressed  in  linear 
lure,  in  the  plane  frcd  the  center  of  the  dif fractional  image »  d  is  the 
width,  expressed  in  linear  measure,  of  the  slit|  f  and  f  *  are  the  fooal 
distances  of  the  eaoera  and  of  the  oolliraator»B  is  the  width  of  the  pencil 
o^temined  by  the  sice  of  the  prism  (in  the  computation  of  x  and  6    B  may  be 
taken,  with  sufficient  approximation,  as  equal  to  the  diameter  of  the  oamera 
and  oollioator).    The  unit  of  distance  is  so  selected  that  the  first  ^inl™** 
UatX  ,Tf 

It  is  possible  te  ooupute  by  tables  based  on  mechanical  integration 
(Schuster,  Ornstein,  Minnaert),  the  distribution  of  intensity  in  the  dif fract- 
ional imago  of  the  slit  for  a  given  spectroscope.     The  computation  of  this 
"instrumental  contour"  (digressing  from  the  imperfections  of  the  optical  parts 
of  the  speotrograph)  is  of  great  interest  from  the  spectrophotometrio  point 
of  view  since  the  observed  contour  of  the  spectral  lines  is  a  result  of  im- 
position of  the  real  and  instrumental  contours. 

It  is  to  be  noted  that  when  we  deal  with  a  photographic  plate  the  con- 
ception of  resolving  power  and  of  the  purity  of  spectrum  becomes  somewhat 
nore  complicated  because  of  the  grains  of  a  plate  have  a  definite  size,  and 
the  distance  between  them  nay  change  under  different  conditions.     The  photo- 
graphic effect  cannot  be  accurately  evaluated.     In  this  respect  the  natter  is 
much  tetter  with  long  cameras. 

2.     The  Lose  of  Light  in  the  speotrograph.     In  spectral  investigations 
we  bare  suoii  great  losses  in  brightness,  which  may  reach  98  */o  in  a  speotro- 
graph of  three  prisms,  that,  in  this  ease,  only  1/50  part  of  incident  lijht 
from  a  star  is  used.    Even  before  reaching  the  slit  the  light  of  a  star  is 
weakened  by  a  great  percentage  (sometimes  more  than  one-half)  because  of 
absorption  and  reflection  in  the  objective  of  a  refrator  or  because  of  reflect- 
ion in  the  ease  of  a  reflector,    Next,  because  of  spherical  or  sonal  aberrat- 
ion of  diffraction  as  well  as  of  scattering  and  other  causes,  a  star  on  the 
slit  appears  in  the  form  of  noticeable  disk  even  under  ideal  atmospheric 
conditions . 

Objectives  or  mirrors  of  a  large  sise  which  are  usually  used  in  combinat- 
ion with  the  speotrograph  may  be  considered  good  when  the  diameter  of  the 
stellar  disk  in  focus  does  not  exceed  0?8  -  1JO,  which  at  a  focal  distance, 
let  us  say,  of  16m  corresponds  approximately  te  O.OTnm.     In  stellar  speotro- 
graphy  we  usually  work  with  a  slit  having  a  width  of  0.035  to  O.OSOmn.     It 
appears,  therefore,  that  even  under  ideal  atmospheric  conditions  we  have  a 
loss  at  the  slit  in  the  sense  that  the  entire  li^ht  cannot  be  utilised  by  the 
spectrograph.     This  happens  because  of  the  limited  sise  of  the  objective  or 
mirror  and  the  imperreetion  of  the  way  they  are  mad*,     If  we  add  that  on 


account  of  atmospheric  variations  this  ideal  disk  of  0?8  sometimes  wider 
into  5"  or  even  more,  it  becomes  apparent  that  the  loss  at  the  slit  alone 
sometimes  reaches  60  «/o  and  more. 

We  shall  speak  here  in  greater  detail  of  those  losses  which  take  place 
in  the  speotrograph  itself,  Much  light  is  lost  because  of  absorption  and 
reflection  in  separate  optical  parts  of  the  latter. 

As  to  absorption,  it  is  subject  to  Lambert's  law 

I1  -  Iad, 

where  I  and  I1  are  the  intensity  before  entering  some  medium  and  after  ooming 
out  from  it,  d  is  the  thickness  of  the  layer,  and  a  is  the  absorption  per 
unit  of  thickness. 

Hartmann  recommends  decreasing  somewhat  the  altitude  of  the  prism  or 
shifting  it  so  that  the  base  should  remain  a  little  unused  and  the  vertex 
should  remain  somewhat  lower  than  the  edge  of  the  passing  pencil.  In  this, 
way  the  losses  from  absorption  decrease. 

Having  in  mind  to  obtain  as  little  lose  of  light  as  possible,  the  more 
transparent  sorts  of  glass  have  been  used,  although  light  is  lost  in  dispers- 
ion. Table  5  >l:?ws  the  transmiting  power  of  prisms  made  of  various  kinds  of 
glass  reduced  to  the  same  conditions  with  respect  to  dispersion. 

This  table  illustrates  the  great  losses  in  light  especially  when  the 
speotrograph  is  of  three  prisms.  The  absorption  depends  on  the  wave-length  and 
is  usually  rises  rapidly  for  shorter  waves,  le  must  also  take  into  considerat- 
ion the  absorption  increases  considerably  toward  the  base  of  the  prism  which 
fact  makes  the  outgoing  monochromatic  pencils  of  rays  scoewhat  asymmetric  with 
respeot  to  the  distribution  of  llght»  and  this  may  under  certain  circumstances 
cause  a  systematic  *rr?r  in  the  determination  of  radial  velocities  of  stars. 
The  absorption  in  the  objectives  of  the  oollimator  and  of  the  camera  is  very 
small  as  compared  with  the  absorption  In  prisms,  especially  when  the  speotro- 
graph is  of  many  prisms.  In  the  passing  of  light  through  the  speotrograph 
considerable  losses  take  plaoe  due  to  the  reflection  from  the  surfaces  of  the 
prisms  and  lenses.  In  order  te  take  into  consideration  this  loss  it  is  necessary 
to  keep  in  mind  that  a  refracted  ray  of  light  is  polarised  at  each  reflection, 
and  therefore  it  behaves  henceforth  as  an  ordinary"  ray. 

It  is  not  difficult  to  show  that  in  passing  through  m  prisms  set  in  a 
position  of  least  deviation  the  amount  of  light  passed  will  be  equal  to 
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where  A  and  B  are  the  reflected  parts  of  light  (at  each  refraction)  which  is 
polarised  in  the  plane  of  falling  and  which  is  perpendicular  to  it.  These  parts 


Tabl»  5 


inda  of  Glass   (  #of  J«na  Qlaaa)           I 

uab«r  of  Priam 

Transmission  Ability 

,  V.     8248,  Ultra  -  violet  flint 

1 

0.822 

1.722,  light  baryta  flint 

1 

0.657 

1.578,  baryteg  (hM*y  spar)  flint 

1 

0.656 

1.118,  Usual  flint 

1 

0.756 

Ml  8,  Usual  flint 

2 

0.606 

1,118,  Usual  flint 

5 

0.508 

1.102,  HMM?  flint 

1 

0.467 

M02,  HM.^y  flint 

2 

0.255 

.102,  H«*TT  flint 

1 

0.126 

*f  A  and  B  are  computed  by  Frenel's  formula*.  The  most  favorable  case  in  this 
respovt  obtains  whoa  the  prisms  are  placed  In  the  position  of  minimum  deviat- 
lon  which  Is  equal  to  the  angle  of  polarisation.  Table  4  sham  the  losses  for 
prisms  of  angle  of  refraction  of  60*  and  of  an  index  of  refraction  of  1.6  when 
these  prisms  are  placed  la  the  position  of  the  minimum  deviation  whloh  Is  equal 
to  the  angle  of  polarisation  (about  64*).  The  IMS  In  the  prisms  duo  to  re- 
flection does  not  exceed  50*/o  even  for  a  large  number  of  prisms. 

Table  4 

Number  of  prism         Losses  due  to  reflection 

1  0.147 

2  0.252 
8t  0.828 

10  0.509 


The  loss  of  light  In  lenses  of  the  optical  system  Is  also  considerable. 
Since  the  rays  fall  hero  perpendicularly,  Frenel's  formula  for  the  loss  of 
light  gires  for  a  surface  for  n  •  1.55  a  loss  q  •  0.046. 

Taking  into  consideration  that  the  object ires  of  the  oollioator  and  oanera 
oonsist  of  two  and  more  lenses  we  shall  find  that  the  loss  through  reflection 
may  reaoh  a  largo  percentage.  In  order  to  decrease  these  losses  the  lenses  of 
the  oolllmator  or  the  objective  are  glued  together  or  the  space  between  thorn 
is  filled  by  some  transparent  medium  (the  index  of  refraction  of  which  is  equal 
to  that  of  the  glass)  thus  reducing  the  number  of  reflecting  surfaces.  Summ- 
ing up  the  action  of  all  effects  causing  the  loss  of  light  we  must  arrive  at  the 
melanoholy  conclusion  that  only  a  small  fraction  of  stellar  light  collected  by 
the  objective  or  mirror  falls  directly  upon  the  plate  intercepting  the  spectrum, 
and  this  small  fraction  diminishes  still  more  as  the  number  of  prisms  in  the 
speotrograph  increases.  Pooause  of  these  large  dispersions  in  prisms  the  dif- 
fraction grating  may  successfully  oompete  with  the  prism  as  to  their  respective 
usfulness. 

8.  The  Brightness  of  a  Spectrum.  Let  us  now  investigate  the  instrumental 
factors,  determining  the  brightness  of  the  spectrum.  Let  tha  slit  of  width  d 
and  of  length  h  bo  uniformly  illuminated  by  a  souroo  of  light  of  brightness  I. 
Let  us  denote  the  corresponding  quantities  in  the  focal  plans  of  the  tube  or 
oamora  by  d',  h1,  and  i. 


Factor  fc     is  the  !•••  due  to  obsorption  and  reflection.     If  ire  denote  f  '    and 
f  the   fooal  distances  of  the  oollimator  and  camera,   it   is  evident  that 


, 

A.   =-,  •  • 

Vfhen  the  width  of  the  slit   is  more  than  0.02mm.     we  may  neglect  the  widening 
connected  with  the  phenomenon  of  diffraotion.     In  formula   (9)  B  denotes     the 
widening  oaused  by  the  dispersion     whenever     we  deal  with  non-monoohromatie 
light.     Substituting   (9)  and    (8)  we  obtain 


-- 

wher«7~       and /"^  ./    (»  «»d  a1  are  the  diameters  of  the  objectives 
of  the  eellimator  and  the  camera).  Let  us  consider  two  eases:  l)  mono- 
chromatic radiation  and   2)  non-monochromatic  radiation.  In  the  first 
case  H  -  0  or  very  close  to  sere,  and,  therefore,  practically? 


i.e.  fcr  a  spectrum  consisting  of  monoohromatio  radiation  the  brightness 
of  lines  does  not  depend  en  the  width  of  the  slit,  if  the  slit  is  not  very 
narrow.  This  result  must  be  understood  as  follows:  widening  the  slit  we 
increase  the  quantity  of  light  passing  through  the  spectrograph,  but  the 
width  cf  the  line  also  is  increased  proportionately  therebyj  therefore  the 
surface  brightness  of  the  lines  remains  unchanged.  Fcr  a  constant  width  cf 
the  slit  the  surface  brightness  is  proportional  tc  the  square  of  the  ratios 
of  the  focal  distances  of  the  colliaator  and  of  the  camera. 

In  the  band  spectrum  or  in  the  continuous  spectrum  H  is  not  large.   If 
the  source  radiates  a  region  from  \  to  Ait  is  evident 


The  latter  fellows  from  formula  (3).  Therefore: 


Equation  (13)  shows  that  the  brightness  of  the  continuous  or  band  spectra 
is  proportional  tc  the  width  of  the  slit  and  is  inversely  proportional  to  the 


resolving  povor. 

Tb«  computation  of  th»  >»rlghtne«»  of  tv*  "p^^rurs  RB  a  function  of 
the  constants  of  thr  sp-«trogTaplj  is  somewhat  difficult.     Two  oases  need 
be  oonei^rrr*1  h»r«j 

whf»n  thc»  object  under  Invest  ijrit*  on  is  a  star,  and 
when  the  o'  Joot  Is  elongated,  such  M  a  nebula  or  a  comet,  for 
instance . 

TXiring  the  np-jotrophotocrnphing  of  »»ta.r*  the  slit  la  not  unlfornly 
illuminated,  and  tho  rerulfs  will  dopend  on  the  crjr.lity  of  the  imago, 
*hen  the  Bllt  in  opened  a  nroportiorel  Increase  of  brirhtnoss  within 
certain  lir.itc  may  be  expected.     The  brightness  of  the  epoctrua  depends 

the  quality  of  the  image,  i.e.  on  the  surface  brightness  of  the 
laage  (trcoor  diso).     "1th  very  good  image*  when  the  diameter  of  ihe  disk 
is  of  the  order  of  1",  it  is  nocessc.ry  to  "guide"  the  star  along  the  slit 
for  the  widening  of  the  apeetrun*  and,  when  the  disk  is  of  the  order  of  5" 
to  4"  and  nor?,  *he  spectrum  need  no*   he  widened.     All  tnesc  considerations 
make  the  calculation  of  the  exposure  tipe  difficxtlt,  and  therefore  an 
empirical  method  is  used.     For  the  oontinuous  spectrum  the  widening  of  the 
silt  up  to  certain  lladta  f5ye«  a  proportional  Inorcacc  of  brightness  if 
we  use  »  sll*  wh^dh  Is  neither  too  ns-rrow  nor  too  wid?>   in  the  latter  case 
the  width  of  t*e  slit  it  determined  by  th«  optical  qualities  of  the  nirror 
or  oM«otiY»  as  well  ar  by  the  atmospheric  oorditf  ons.     for  &  apcotrua  con- 
sisting of  separate  monoohnr-'it^ri  radiations  the  TTidecir.^  of  the  olit  (if 
we  negleet  the  phenomena  of  diffraction)  dees  not  increase  ttie  surface 
brightness  of  t^e  lir^s.     In  both  oases  the  brightness  of  tho  spectrum  of 
stars  increases  as  the  focal  distance  of  the  camera  door eases,  however  thn 
rate  of  increase  depend*  on  the  quality  of  th«  laare.     Beoaoao  of  a  saaller 
scale  with  short  can^ra*  it  is  »ateti7n«s  necessary  to  "guidfl"  the  st»r  on 
the  slit  linearly  by  a  larger  amount. 

In  the  case  of  elongated  obj  eta  the  formula"  (11)  and  (13)  renain 
approximately  correct. 

4.     The  Bpeetrograph  with  the  Diffraction  Orating,     The  diffraction 
grating  spe'etrogrnph  is  chiefly  used  for  ihe  study  of  the  Sun.     Howerer, 
even  in  stellar  spectrosoopy  this  type  of  speotrcgraph  Is  becoming  •* 
important.     Without  entering  into  the  theory  of  the  diffraction  grating, 
which  nay  be  found  in  a  course  on  optics,  we  shall  nerely  speak  here 
briefly  about  those  characteristics  which  are  of  astrenonioal  interest: 
dlispresion,  resolTinx  power,  and  brlghtnesft  of  spectrum.     Those  conceptions 
aro  th«  sane  as  those  for  the  prism.     The  resolving  power  in  the  case  of 
the  grating  is 

--  N 


when  If  is  the  number  of  lines  (on  the  grating)  and  n  is  the  order  of  the 
apeotrm. 

In  a  Ronrland  grating  there  are  from  10000  to  20000  evenly  spaced 
lines  per  inch,  and  althogether  there  are  sometimes  as  may  as  280000  linos 
on  a  single  grating. 

The  grating  has  a  great  advantage  as  compared  with  the  prisn  In  regard 
to  resolving  power*  Taking  a  suffioiontly  large  we  «ay  obtain  a  very  large 


value  for  R.  When  a  large  resolving  power  it  required  gratings  instead  of 
prisms  are  almost  alway  used  in  spite  or  disadvantages  in  other  respects 
that  the  gratings  may  offer*  In  regard  to  dispersion  the  diffraction  grating 
is  superior  to  the  prism  for  *he  oame  reason,  further,  in  oase  of  ultraviolet 
and  infrared  ray*  for  which  the  ordinary  prisms  are  not  sufficiently  trans- 
parent, or  even  opaque,  the  ad^Jitage  remains  with  the  grating,  especially 
when  a  concave  grating  is  us<xJ  whioh  requires  no  additional  optical  glass. 

In  speaking  about  dispersion  here,  we  have  in  mind  the  "normal "  dispersion 
whioh  under  certain  conditions  if  realised  in  a  speotrograph  having  a  grating. 
In  this  case  the  property  tnat  to  equal  linear  distances  in  the  spoctrun  cor- 
respond equal  sections  oi  wave-lengths  is  very  valuable.  The  application  of 
the  grating  speotrograph  to  the  study  of  red  and  infrared  parts  of  the  spectrum 
is  very  advantageous  as  compared  with  a  prism,  since  in  the  latter  case  tho 
dispersion  rapidly  diminishes  as  the  wave-length  increases. 

As  to  the  brightness  of  the  spectrum  produced  by  the  grating,  it  is 
natural  to  expect  great  losses  beoause  of  distribution  of  light  in  spectra  of 
a  various  orders.  The  problem  of  distribution  of  brightness  in  the  spectra 
cannot  be  accurately  solved  theoretically,  for  in  reflecting  gratings,  used 
in  astrophysics,  of  great  importance  are  not  only  the  width  but  also  the  form 
of  the  oross-seotion  of  these  little  furrows  by  whioh  the  bands  of  the  reflect- 
ing surface  are  differentiated  on*  fro*  another*  The  slight  application  of 
speotrographs  with  gratings  in  stellar  speotrosoopy  may  be  explained  by  these 
losses. 

However,  the  introduction  of  new  methods  of  ruling  the  fine  lines,  in 
whioh  a  tpenib.1  shape  is  given  to  the  oross-seotions  of  these  lines,  results 
In  the  concentration  of  a  large  part  of  the  light  (of  the  order  of  50  °/o) 
in  one  spectrum  of  the  given  order. 

There  are  several  kinds  of  grating  speotrographs.  In  stellar  speotro- 
soopy the  most  suitable  grating  spectrograph  is  the  one  whose  parts  aro  arranged 
as  those  of  a  prism  speotrogi-aph.  The  rays  from  the  illuminated  slit  coning 
out  from  the  oollimator  to  parallel  lines  fall  on  the  flat  grating  at  a  small 
angle,  and  the  reflected  diffraotional  image  is  received  by  the  oaroero  placed 
at  a  certain  angle  on  the  same  side  as  the  oollinator. 

Of  another  type  is  the  Tlttrow  speotrograph  (see  oh,  V),  The  diffraction 
image  is  sent  back  into  the  objective  of  the  oollimator  after  the  reflection 
from  the  plane  grating.  The  slit  is  situated  not  exaotly  on  the  axis  of  the 
collinator,  but  somewhat  above  or  below  it  so  that  the  diffraction  ixage  is 
obtained  at  the  other  side  of  the  axis. 

Finally,  speetrographs  with  a  eonoave  grating  are  used  which  give 
accurately  *  "normal"  spectre*,  and  are  quite  suitable  for  the  absolute  measure* 
ment  of  wave-lengths.  Ihe  classical  work  of  Rowland  was  done  by  a  apootro,Traph 
of  this  kind. 

We  shall  interrupt  our  discussion  of  this  type  of  spsotrograph  in  order 
to  show  how  tho  wavo-lsr.-ths  are  determined. 

The  wave  theory  of  lifht  gives  the  following  expression  for  the  plane 
reflective  grating! 

(a  +  b)  (siny  •  siny.)  • 
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Za  speaking  of  the  application  of  the  spectrograph  with  a  diffraction 
grating  to  photc~.-aphinj;  ntollar  spectra,  it  la  neoosr.ary  to  compare  '.his 
type  with  the  rn.ua  1  prissi  type  of  sj>*x>tr*»cr*ph.     The  ultra-violet  end  th« 
extrus-.e  rlolet  as  woll  as  the  red  and  infrared  parta  of  the  apaotruu  are 
little  aooessibie  and  unsuitable  rations  of  Investigation  by  means  of  the 
prim  speotrographj     the  former  because  of  insufficient  transparency  of 

j  and  uh-3  aV^c'.lvct»  for  short  wave-lengths,  and  the  latter  because 
of  the  diminution  of  dispersion  with  the  inaraaao  of  imro-leng-h  and  also  be- 
oause  ox"  insufficient  transparency  for  the  infrared  rays.     If  for  a  siven 
spectrograph  tho  dispersion  naar  E  and  K  la  equal  to  20A  per  lam,  then  usual- 
ly near  E«C  the  dispersion  Trill  be  sore  than  100A  per  Lai.     ?or  tho  invest- 
igation of  the  red  and  infrared  parts  of  the  »peotru-n  for  any  moderate  dis- 
persion it  is  neoessary  to  use  a  such  greater  dispersion  for  the  usual  part 
of  xhe  apeotruB*     Tl.is  nuy  be  obtained  by  an  inoreaae  of  the  number  prisms, 
but  In  this  ease  the  light-gathering  power  of  the  speotrograph  greatly  di- 
minishes.    The  lengthening  of  the  oanera  is  also  connected  with  great  losses 
in  light-gathering  power  and  also  with  mechanical  difficulties.     These  in* 
oonrenienees  are  so  great  that  the  red  and  infrared  parts  of  the  spectrum  of 
stars  up  to  the  present  has  been  left  almost  entirely  uninvvstigated  with  the 
usual  speetrographs. 

In  this  respect  the  speotrograph  with  the  diffraction  gating  has  an 
indisputable  advantage)  its  slight  application  to  the  study  of  red  and  Infrared 
portions  of  the  spectrum  is  due  to  somewhat  exaggerated  fears  as  to  -h-a  losses 
of  brightness* 

In  regard  to  Hie  usual  photographic  part  of  the  spaotriui  the  comparison 
of  both  typee  of  spectrographs  leads  to  the  following  conclusions: 

1)  tor  a  very  large  dispersion  of  the  order  of  Lv  per  Lar.  near  H-y    the 
(prating  is  fore  advantageous  than  the  prism,  since  in  the  latter  the  losses 
of  brightness  increase  greatly  because  of  a  large  number  of  prisms.     Such  a 
dispersion  may  be  applied  to  the  Sun  and  to  tho  detailed  atudy  of  the  spectra 
of  the  bright  stars/ 

2)  For  a  dispersion  of  the  order  of  1QA  per  lam  near  Hf     prisms  are 
more  advantageous  for  the  photographic  part  of  the  spectrum  near  ^  •     4200  - 
4800A,  but  they  are  not  as  good  as  gratings  near  tho  lines  H  and  K  and  farther 
toward  the  short  wave-lengths* 

3)  For  a  dispersion  of  the  order  of  SO&  per  Inra  and  less  near  llf  a  one- 
priaa  speotrograpiis  is  such  s»ro  advantageous  than  a  diffraction  grating,  ex- 
ewpt  in  the  red  and  iiu'rured  region  for  reasons  indicated  above. 

The  application  oi  the  grating  speotrograph  to  the  study  of  stars  is 
rendered  more  difficult  by   -he  influence  of  bending,     .vs  we  shall  subsequently 
see,  the  influence  of  bendiiu?  is  very  great,  and  in  this  respect  the  grating 
is  worse  than  the  prissu     It  is  known  that  a  small  shift  of  the  prism  when  the 
latter  is  placed  in  exposition  of  »Ajns»»n  deviation  has  a  minimum  affect  on  the 
pa».jjn/  of  rays  whereus  for  a  reflecting  grating  the  effect  of  tho  shiio  trill 
be  doubled.     This  oirourastauoe  requires  careful  attention  froia  the  poir. 
viow  oi  DUfohanioal  construciioni  how«ver,  thi&  obstacle  .any  be  overcome.     The 
posi-ivu  asp«ot  is  the  greaier  ooo|iaetne«s  of  the  grating  spootro^ocpo. 

If  the  bending  is  ronoved  th«  advantageous  side  of  the  application  of 
tho  grating  to  the  determination  of  r&Uial  velocities  is  that  .oar  shift 

of  liana  for  A  given  velocity  will  increase  with  the  wavo-length,  as  folio 
from  the  Doppler-Fizeau  principle.     For  instance,   forf-jj^  the  shift  will  be 


n 
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approximately  one  and  a  half  times  a»  large  as  for//y:  Thus,  contrary  to  what 
we  had  in  the  case  of  tha  prism,  the  eoights  of  the  determined  rudial  velocit- 
ies for  individual  lines  will  inorc-aaa  toward  t}:~  rod  and  of  U»v  s^dotrusw 
Another  advan'          ,.atiu£  is  that  ti-.e  obtained  a^oortrum  la  a  "nonas>l" 

jtru;.-.,  and  therefore  t.ut  unnatural  viaidu  distribution  of  brightness 
aim(  the  speotrun  is  abcant  here.*  whereas  it  occurs  in  the  oaae  of  a  prism 
;h  because  of  th*  diminution  of  ^he  dispersion  toward  tho  red  and 
and  also  because  of  tht  st-lo«tiv<i  absorption  in.  ..riama,  The  entire  speotrun 
•ay  be  obtained  en  the  plate  without  OV-:T expo sura  or  underexposure  .vhioh  ia 
very  valuable  for  speotropiiotouetrio  investigations,  A  deficiency  in  the 
grating  is  the  existence  of  so-called  "ghosts"  or  f&lae  lines  tt)«  sourou 
which  ia  to  be  looked  for  in  the  periodic  error  in  the  ruling  of  th«  fine  lines 
on  the  grating  by  tho  ruling  machine.  In  certain  oasos  this  dafioienoy  is  so 
great  in  .reducing  ouch  scattering  of  light  that  the  contrast  of  lines  groatly 
dioinishes.  This  oirouostanoe  which  distorts  the  contour  of  spectral  lines 
is  very  dangerous  in  spootrophotoaetrio  investigations. 

It  follows  from  the  above  that  the  speotrograph  with  a  diffraction 
grating  nay  be  applied  uost  successfully  to  the  study  of  the  red  and  infrared 
parts  of  the  spectrum  of  stars*  to  the  solution  of  pro blame  ouioh  are  unsuitable 
for  tho  priea  speetrograph,  for  instance}  1)  the  investigation  of  radial  ve- 
locities of  the  fainter  red  atars»  ia  tho  photographic  region  their  spectrum 
is  very  faint,  and  for  tbe  aan«  dispersion  for  the  sane  instrument  tha  field  of 
investigation  widens  two  times  if  wo  use  the  lines  in  the  red  part  of  the 
speotrumj  S)  the  study  of  "forbidden"  lines  whioh  are  in  the  infrared  part 
of  the  speotrun,  3)  the  study  of  molecula  spectra  in  the  red  and  infrared  region^ 

4)  the  indentifioation  of  line*  in  this  little  known  region  of  the  speetrumj 

5)  the  study  of  the  distribution  of  brightness  of  the  continuous  spectrum  in  the 
1  and  infrared  region. 

On  the  other  hand,  on  excellent  application  of  the  diffraction  grating 
spectrograph  is  to  the  speotrophotometrio  investigations  of  spectral  lines  with 
a  very  large  dispersion, 

2,  Details  of  the  Speotrograpn  Msofranioal  Construction. 
Mounting. 

Lot  us  pass  on  to  th*  description  of  i;he  separate  parts  of  the  speotro- 
graph and  of  the  requirements  to  which  it  is  subject, 

5.   -ie  i.lit.  the  Comparison  3peotrum.  Tho  3lit  is  ono  of  the  nost 
essential  parts  of  the  apeotrograph,  the  faces  of  the  slit  are  usually 
prepejr«d  of  polished  nickel  or  mirror  netal,  and  one  of  the  f&oes  is  made  tm- 
isovable  while  the  other  can  b«  shifted  by  stsans  of  a  miororaetrio  sorew.  The 
width  of  the  slit  may  be  measured  by  the  subdivision*  on  the  head  of  the 
sorew.  The  edges  of  the  slit  »murfc  be  sufficiently  sharp*  in  order  to  prevent 
damage  vhan  -ho  slit  is  oloeed  a  stopper  is  sometimes  used*  The  upper  part 
of  thr  oollioator  together  with  the  slit  may  rotate  within  certain  linita, 
This  onublec  us  to  make  the  slit  parallel  to  the  refracting  cr     the  prism 
and  thA>i  correct  thr  Inclination  of  the  spectral  lines  so  thau_£h«iy  become 
perpendicular  to  the  length  of  the  spectrum*  A  strict  perp«nc      .ty  of 

CB  oontributes  bo  Uie  aoouraoy  of  measurement  of  their  positions)  besides , 
it  is^neocssary  condition  in  the  photometry  of  spectral  lines,  This  condition 
also  simplifies  the  reduction  for  curvature  of  spectral  lines.  Usually  there 
is  also  a  possibility  of  correction  for  parallelism  of  the  two  halves  of  the 
slit  (a  strict  parallelism  of  the  edges  of  the  silt  is  a  neeessarv  condition 
In  speotrophotometrio  Investigations). 
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Depending  on  the  method  of  adjuatiment  the  plane  of  the  slit  is  made 
either  perpendicular,  or  inclined  at  a  small  angle,  to  the  main  optical 
axis  of  the  instrument.  In  the  first  oaso  the  rays  passing  through  the 
oollimator  and  those  partially  reflected  from  the  aurfaoe  of  the  first  and 
second  prism  may  be  obserred  in  the  form  of  a  star  or  apeotrvu  with  the  aid 
of  a  telescope  plaoed  at  the  side.  In  this  method  of  adjustment  the  field 
of  view  is  small,  and  this  leads  to  numerous  inconveniences.  In  the  new 
speotrographs  the  adjustment  is  usually  made  according  to  the  method  introduce 
by  Hoggins. 

The  essence  of  this  method  is  easily  understood  by  observing  figure  19 

Because  of  a  certain  inclination 
of  the  plane  of  the  slit  a  part  of  the 
rays  (of  a  star),  which  did  not  pass  into 
the  oollimator  and  which  are  reflected  from 
the  faces  8  of  the  slit,  may  be  observed 
together  with  the  slit  on  the  side  by  a 
telescope  0  PZ  Og  *8  B  as  is  shown  in 

figure  19*  In  this  case  the  adjustment 
is  much  more  convenient. 

With  the  slit  is  connected  a  special 
kind  of  diaphragm  by  moans  of  which  the 
objective  of  the  oollimator  may  be  illuminat- 
ed by  the  rays  from  the  star  or  by  light 
from  an  artificial  source  (mostly  by  a 
voltaic  arc  with  F  or  I  electrodes).  It  is  very  important  that  this  diaphragm, 

as  well  as  the  other  parts  needed  for  adjustment  or  for  obtaining  of  an  arti- 
ficial spectrum  be  separated  from  the  slit  itself.  While  shifting  the  diaphragm 
no  pressure  of  any  kind  should  be  exerted  either  on  the  slit  or  on  the  upper 
part  of  the  collimator,  for  a  relative  shift  of  the  spectral  lines  and  the 
artificial  source  may  otherwise  take  place. 

The  diaphragm,  the  device  for  its  shift,  and  the  method  of  illumination 
from  an  artificial  source  are  different  in  various  speotrographs.  Often  a 
diaphragm  which  may  slide  in  front  of  the  slit  is  a  plate  with  two  sut-outs: 
one  in  the  shape  of  an  isosceles  triangle,  the  other  is  either  aoove  or  below 
on  the  same  plate  limiting  the  former*  Depending  on  the  position  of  diaphragm 
either  the  central  of  slit  of  this  or  that  length  or  the  side  parts  of  the 
slit  for  the  obtaining  of  artificial  spectrum,  symmetrically  situated  with 
respect  to  the  stellar  spectrun,  are  opened.  Besides,  there  is  a  possibility 
of  placing  the  spectrum  of  F^  or  ^  on  this  o.«  thet  distance  from  the  stellar 

spectrum.  In  the  contrivance  for  the  movement  of  the  diaphragm  there  are 
usually  some  plugs  which  enable  us  to  regulate  the  length  of  the  central  part 
of  the  slit  for  the  star  as  tfce  well  as  the  distance  of  the  spectra  of  the 
artificial  source  of  light.  In  the  older  speotrographs  the  artificial  source 
of  light  is  plaoed  immediately  in  front  of  the  slit  of  the  collinator,  and, 
in  order  to  obtain  a  more  uniform  illumination  of  the  objective  of  the  colli- 
aator,  a  milky  glass  is  plaoed  behind  the  source  of  light  during  the  burning 
of  the  voltaic  arc  producing  an  artificial  spectrum.  In  the  newer  speotrographs 
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the  source  of  the  comparison  spectrum  is  placed  at  the  aide,  and  by  means  of 
lenses  and  prisms  the  rays  find  their  way  into  the  slit  of  tho  oollinator 
and  illuminate  uniformly  its  objective.  In  most  oases  the  auxiliary  optics 
and  diaphragms  are  so  placed  that  the  spectrum  of  the  arc  may  be  photographed 
as  many  times  as  necessary  without  interrupting  the  exposure  of  the  star. 

The  slit  oust  be  placed  exactly  in  the  focus  of  the  telescope  as  well  as 
of  the  oolliaator  simultaneously. 

The  methods  of  bringing  the  slit  into  the  focua  of  the  telesoope  are 
different  depending  on  whether  a  reflector  in  the  Oasaegrain  form  or  a  re- 
fraotor  or  a  reflector  in  the  Newtonian  fora  is  used.  In  the  first  oase  it 
is  preferable  to  shift  carefully  the  hyperbolic  nirror,  without  touching  the 
•pectrograph,  (keeping  in  mind  that  a  saall  shift  of  this  mirror  produces  a 
considerable  shift  of  the  common  focus)  until  we  obtain  on  the  slit  a  sharp 
image  of  the  star*  In  the  seocnd  oase  it  is  desirable  to  be  able  to  shift 
the  entire  speetrograph.  '.  c  cannot  recommend  shifting  tho  collicator  separately, 
for  a  change  in  the  mutual  arrangement  of  the  parts  of  the  cpeotrograph  is 
often  unsafe. 

Let  us  say  »  few  words  on  the  selection  of  the  width  of  the  slit  of  a 
speetrograph.  In  oontmporary  spectrography  we  are  forced  to  look  for  possible 
w&ys  by  which  the  light-gathering  power  of  a  speotrograph  may  be  increased 
so  th*t  tho  spectra  of  the  fainter  stars  might  be  obtained.  The  simplest  way 
is  to  widen  the  slit.  It  is  necessary  to  keep  in  mind  that  only  in  the  rare 
oases  of  very  good  images  is  it  possible  to  make  use  of  the  good  optical 
qualities  of  a  telesoope.  In  most  oases  the  visible  disk  of  star  in  the  focus 
of  a  telesoope  exoeeds  many  times  the  diffraction  disk  (of  the  order  of  0"10  - 
OT20  in  contemporary  instruments  of  long  focus)  as  well  as  the  aberrational 
diso,  (of  the  order  of  0"5  -  078  in  good  instruments)*  As  1"  at  a  focus  of  16m 
corresponds  to  0.077mm,  it  follows  that  for  a  width  of  0,05  -  0,05  mm  of  the 
slit  only  a  saall  part  of  the  light  is  made  use  of,  Experience  shows  that 
the  exposure  time  decreases  propprtionately  to  the  width  of  the  slit.  If 
we  take  into  consideration  all  the  difficulties  of  the  manufacturing  of  large 
instruments  and  add  to  it  the  fact  that  the  gain  in  power  by  the  increase  of 
sice  is  much  smaller  than  is  theoretically  feasible,  and  that,  besides,  this 
gainappears  only  in  good  images,  then  it  becomes  clear  that  such  a  simple 
device  for  the  inoreaae  of  the  power  of  the  instrument  oc  widening  of  the  a lit 
appears  to  be  very  desirable, 

Unfortunately,  the  widening  of  the  slit  is  connected  with  an  increase  in 
systematic  and  accidental  errors  (see^  12).  Besides  the  purity  of  the  spnotrum 
decreases.  The  use  of  a  wide  slit  increases  the  number  of  blended  lines. 
In  each  case,  in  the  selection  of  the  width  of  the  slit  it  is  necessary  to  take 
into  account  the  length  of  the  oolliaator  and  of  the  camera.  Besideti,  for  the 
same  instrument  it  is  necessary  to  have  a  slit  of  different  widths  depending 
on  the  problem  at  hand.  In  the  determination  of  radial  velocities  a  width  of 
0.06m  may  be  used  without  lowering  the  accuracy,  and  in  rare  oases  it  may  be 
even  wider  as  for  instance  when  the  spectrum  has  many  washed  out  lines  or 
bands. 
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In  photographing  spectra  of  elongated  object*  (nebulae  or  comets,  for 
instance)  we  may  go  further  with  respect  to  the  width  of  the  alit.  Here  we 
must  differtiate  between  two  ease*:  1)  when  the  spectrum  consists  of  separate 
•ore  or  less  monochromatic  images  and  is  dependent  on  the  character  of  these 
radiations  the  widening  of  the  slit  is  of  little  value  after  a  certain  limit 
is  reached,  for  the  sane  amount  of  light  in  a  given  line  or  band  will  spead 
over  a  correspondingly  greater  area)  2)  wheh^he  spectrum  is  continuous,  the 
slit  should  be  widened  as  much  as  the  character  of  the  lines  and  bands  in  the 
spectrum  permit  (for  instance,  when  the  spectrum  of  faint  nebulae  is  photo- 
graphed the  width  of  the  slit  is  increased  up  to  0.2mm), 

In  the  speotrographio  investigations  of  lines  it  is  desirable  to  use  as 
narrow  a  slit  as  possible  which  is  ouoh  narrower  than  the  "natural"  width  of 
th»  narrowest  linos.  However,  when  we  wish  to  investigate  the  total  absorption 
in  the  lines  and  not  contours  we  may  use  a  wider  slit. 

The  Pollinator.  The  objective  of  the  col lima tor  must  satisfy  high 
requirements  with  respect  to  spherical  and  chromatic  aberrations.  If  the 
spherical  aberration  is  noticeable  and  the  various  sones  of  the  objective  give 
a  different  focus,  the  parallelism  of  the  pencil  coming  out  from  the  oolli- 
•ator  is  destroyed  thereby.  This  leads  to  a  decrease  of  the  purity  of  the 
spectrum.  This  effect  influences  somewhat  differently  the  lines  of  absorption 
in  the  spectrum  of  stars  and  the  lines  of  radiation  from  a  voltaic  arc,  and 
it  may  lead  to  a  systematic  error  in  the  determination  of  radial  velocities 
of  stars. 

The  objective  of  the  oollimator  should  be  aohromtised  as  ouch  as  possible. 
With  a  considerable  chromatic  aberration  of  the  objective  of  the  oolli- 
mator it  is  impossible  to  obtain  a  good  field  in  the  speotrograph  even  if  the 
objective  of  the  camera  is  excellent  in  this  respect.  Sinoe  the  slit  of  the 
oollimator  in  stellar  speotrographs  occupies  a  very  small  part  of  the  field 
near  the  center,  no  very  high  requirements  are  demanded  of  the  objective  of  the 
oollimator  with  respect  to  a  good  field. 

A  doublet  or  a  triplet  is  selected  nowadays  as  an  objective  of  a  colli- 
mtor. 

Tho  walls  of  the  tube  of  the  oollimator  should  be  covered  by  diaphragms 
so  that  no  rays  reflected  accidentally  from  the  vails  nay  fill  on  the  ob- 
jective of  the  oollimator. 

In  order  to  utilize  the  entire  light  from  a  star  it  is  necessary  that  the 
ratio  of  the  diameter  of  the  objective  of  the  oollimator  to  its  fooal  distance 
be  equal  to  the  corresponding  ratio  of  the  telescope.  Tor  speotrographio 
work  it  is  more  advantageous  to  use  a  longer  oollimator.  This,  to  be  sure, 
requires  a  larr»«r  site  of  prisms  which  set  a  limit  to  the  ais«  of  the  oolli- 
mator, for  t  e  preparation  of  good  uniform  prisms  of  large  size  is  very  difficult, 
Tho  advantages  of  a  long  oolllraator  are  as  follows:  1)  With  a  long  oollimtttor 
the  height  of  the  prism  is  greater  and  the  difference  of  the  paths  of  the  ex- 
treme rays  is  greater.  Henoe  the  resolvinr  power  of  the  prism 
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and  accordingly  the  purity  of  the  spectrum  is  greater.   2)  The  width  of  the 
monochromatic  image  of  the  slit  in  the  fooal  plane  of  the  camera,  if  we  neglect 
the  phenomenon  of  diffraction  is  equal  to 

cL  JL. 
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where  d  ie  the  width  of  the  slit,  and  £  and  f.  are  the  fooal  distances  of 
the  objectives  of  the  camera  and  oollimator.  fhus,  other  conditions  being 
equal,  longer  oollimators  enable  as  to  open  the  slit  wider  without  decreas- 
ing the  sharpness  of  the  line*.  This  is  connected  with  the  increase  of 
fathering  power  in  the  epeotro&raph.  If  the  width  of  the  slit  remains  the 
aaae,  a  longer  oolliaator  gives  thinner  lines.  Ak  present,  that  length  of 
the  oolliaator  it  selected  whioh  enables  us  to  us*  prlsas  of  two  inohes  in 
height.    is  is  the  best  •soprejd.se, 

rhe  foous  of  the  oolliaator  is  usually  determined  for  a  long  period  of 
time*  When  a  suitable  selection  of  TXterial  (brass  for  instance)  for  the 
tube  oi  the  oollimator  with  suoh  a  coefficient  of  widening  whioh  compensates 
the  thermal  ohang*  of  the  fooal  length  of  the  objective  of  the  oollinator 
is  made,  tbe  foous  of  the  latter  remains  pr?ctioally  unchanged. 

The  determination  of  the  foous  of  the  oolliaator  is  done  by  Eartnann's 
method.  The  objective  of  the  collimatore,  taken  off  the  speotrograph,  is 
placed  on  a  supporting  rod*  A  diaphragm  with  several  symetricslly  placed 
apertures  is  put  on  it.  The  sliv  i«  op«a»d  as  vide  a-  practicable,  and  a 
photographic  plato  is  attached  to  it.  In  order  to  prevent  any  scratches  en 
the  slit,  it  is  advantageous  to  never  the  sides  of  thu  slit  with  il.in  paper 
and  then  press  the  plate  to  it.  Taking  two  photograph*  on  both  sides  of  the 
foous,  the  exact  position  of  the  i'oous  is  determined  by  a  known  fonaula. 
It  ie  desirable  to  use  a  blue  filter  while  photographing  in  order  to  obtain 
sharper  images.  Besides,  it  is  useful  to  know  the  chromatic  curve  oi  the 
objective  of  tl.e  eollinator  and  it  is  determined  by  one  of  the  several  known 
methods.  In  mounting  the  slit  at  the  foous  it  is  neueosary  to  take  iuto 
contlaeration  this  chromatic  curve.  If  the  objective  of  the  oollimator  is 
so  aohronatised  that  the  vertex  of  the  chromatic  ourve  oorresponds  approximately 
to  the  same  wave-length  for  whioh  the  prism  is  set  a-  the  angle  of  minimal 
deviation,  it  is  desirable  to  take  for  tho  slix  a  foous  whioh  oorresponds  to 
the  other  points  of  th«  chromatic  ourve.  In  This  oase,  two  pencils  of  the 
corresponding  wave-lengths  symmetrically  situated  with  respect  to  the  central 
one  will  be  upon  emerging  fro*  the  oolliaator,  exactly  parallel  and  therefore 
hojaooentrio.  The  central  pencil  will  also  maintain  its  property  of  horso- 
centrioity  because  the  prism  is  sot  in  the  position  of  minimum  deviation  for 

Only  under  these  conditions  will  the  rays  after  passing  through  the 
prism  will  be  collected  into  one  point  a&ain,  and  this  is  in  essence  of  the 
property  of  horaooer.tr i  city. 

The  application  of  this  method  enables  us  to  obtain  in  foous  a  long 
portion  of  the  spectrum. 

£  7.  '-ir.vs.   Prism  used  in  speotroffraphs  must  satisfy  exceptionally 
high  requirements  as  to  the  uniformity  and  quality  of  their  surfaces.  If  a 
prism  is  not  homogeneous  or  if  its  surfaces  have  some  curvature,  it  may  act 
In  part  as  s  lens.  As  to  the  laboratory  methods  01  testing  prisms,  they  are 
expounded  in  detail  in  textbooks  on  optics. 

There  Is,  however,  another  method  of  testing  a  prism  or  a  oomointticn  of 
prisr.e  the  spoctrograph  proper,  for  this  purpose  a  series  oi  diaphragms  with 

eotangular  outs  of  S  to  BM*  in  width  arid  oon-eaixmuing  length  are  prepared. 
If  we  put  then  consecutively  on  the  colj.ucB.ix>f  wiv..  ui*  out  pis>oou  parallel  to 
the  «»l'.t  &.id  to  the  refracting  angle  of  ti.e  prism,  these  diaphragos  will  out 
the  pencils  of  rays  which  pass  through  various  soites  oi  a  pricu  from  vortex  to 
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base.     The  diff -renoe  ef  the  fool  of  these  zones  Trill  characterise  the  quality 
of  the  prisms.     For  the  determination  of  the  exact  focus  of  the  Bones  we  may 
use  Hartnann's  method  slightly  changed.     The  photograph  is  taken  on  one  side 
of  the  focus  by  using  the  diaphrei^,  put  on  the  ob.joctive,  pasting  the  central 
sons,  the  slit  diaphragm  is  so  set  that  the  middle  of  the  slit  illuminated 
by  the  voltaio  aro  is  open*     React t  on  the  sane  plate,  but  at  another  focus, 
is  taken  another  photograph  with  a  diaphragm  cutting  another  so  net  and  the 
slit  diaphragm  is  so  shifted  that  the  central  part  of  the  slit  is  closed,  and 
a  slit  in  two  places  s.vnrwtrieally  and  nlosely  placed  7ith  respect  to  the 
center.     ?hua,  tre  shall  obtain  on  the  plate  a  spectrum  corresponding  to  the 
central  sone  and  two  spectra  corresponding  to  some  other  cone*    Depending  on 
the  distance  from  the  plate  to  the  focus  and  on  tho  real  difference  of  the 
foci  of  the  two  tones,  the  spectra  will  be  raituxlly  shifted*     This  entire 
operation  is  repeated  on  another  plate,  and  the  plat*  holder  with  tii<-  plats  is 
so  pieced  that  the  plate  is  on  the  other  side  of  the  focus.     Having  measured 
tho  natual  shift  of  the  epootra  on  both  plates  and  knowing  the  naitual  distance 
between  tho  two  positions  e..~  the  plate  nclders,  «e  otaain  the  position  for 

•it  of  ir^ercnction  of  rt/r,  corresponding  to  the  ocnUa.1  a,.i    ~  e  in- 
vestigated sones,  by  tho  formula  used  in  Hr.rtuum's  method  -or  the  investigation 
of  objectives,     Similar  photographs  are  aleo  taken  for  all  the  other  sones. 
Introducing  into  the  computations  the  corrections  lor  the  curvature  of  the 
spectral  lines  (see  below  5511)  and  relating  them  to  a  certain  mean  focal 
plane,  wo  nay  easily  find  the  deviations  of  the  foci  of  the  separate  zones 
from  vertex  to  bane.     This  method  is  varied  slightly  depending  on  the  structvre 
of  th*  spootrograph.     In  these  tests  it  is  useful  to  liave  tho  diaphragm  with 
two  outs  which  art  consecutively  closed  at  the  first  and  second  photographing. 
ourfi  u  test  «ay  tnii  us  Bsuch  about  the  qualities  of  the  prisms  if  we  are  certain 
that  tbe  objectives  of  the  ooliiaator  and  camera  are  fr«*  of  defects.     The 
existence  of  <*f  »utive  tones  in  the  prism  may  be  also  discovered  by  a  somewhat 
washed  cut  character  of  the  linos  by  the  use  of  the  proper  diaphragms*     Similar- 
ly, testing  <.he  prism  by  DMAS  of  the  tans  diaphragms  situated  so  that  their 
cuts  be  perpendicular  to  the  refracting  edge  of  the  prism,  wo  oay  obtain  a 
notion  *s  tc  tho  &sti{7iatlsm  of  ^he  entire  sr.-atan, 

In  orU«r  to  identify  that  particular  part  of  the  cpootrogruph  which 
oattsoa  the  ABti^ntism,  it  is  necessary  to  test  the  objectives  of  tho  oanera 
and  of  tbe  eollia»tor  separately. 

It  is  noQotsary  to  sake  suoh  a  tost  befora  ^re  begin  any  speotrographio 
observations.     Tho  existence  of  defects  produces  important  consequences.     Thus, 
if  the  surfaces  of  the  prisms  are  not  quite  satisfactory,  th«n,  during  a  non- 
unifora  lllurdnntion  of  the  objoet'.vo  of  t»j«  oolTJir^.tor  (thlfl  oftor.  bAtrpwns 
in  afitrononicril  prastioo)  considerable  errors  aro  possible  in  the  determination 

radial  velocities,  and  the  purity  of  tho  spaatxirs  also  s\iff*rs  (soe  helow 
j3  IS) 4     An  to  aotlpsatisn,  its  9ff«»ct  najr  be  especially  oensequentlal  when 
over  we  doal  with  trlde  s->ic*ra  as  in  the  r  "  rotation  of  planets. 

The  problan  of  trpr».«par»n<rr  of  th?  r«rlspw  nrd  their  di»««nolop»i  is  Important 
from  the  point,  of  vi«r  of  *-v  ^fe-?tivwn»fls  of  rhe  op^fctrofraph .     it  was  In- 

.t*<S  aSsvo  that  t.he  r-rs^lrlJig  porw  ^f  r  r^ir-  <^/«-«fm*»*  w<+*  *•**>  <roreaso 
or  its  dimensions  and  that  In  nodorn  epe^rogra^he  the  boot  oossprosiiso  is  a 

if  aVrat  two  ine'iee.    Wo  start  also  dooide  v->re  on  tho  refracting  angle 
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of  a  prism,  A  aeries  of  prisms  of  the  same  base  but  of  different  refracting 
•agios  have  the  same  resolving  power*  however,  in  regard  to  losses  in  re- 
flection and  absorption  they  will  not  be  equal. 

The  most  advantageous  conpromiss  (especially  in  rlcr  of  dispersion  and 
loss  of  lifht  bv  reflection)  Is  a  refracting  angle  of  SO*  In  th<»  prism. 

As  to  lessee  dug  to  absorption,  It  is  necessary'  tc  pay  serious  attention 
to  the  sort  of  glass  for  a  prisa.  rt  pr-Bert,  th-  Jone  flint  0.118  is  the 

,  although  It  IB  no*:  as  good  in  regard  tc  dispersion  ar  some  limnrler 
flint,  ^,119  IP  more  tr»nfparont  especially  for  shorter  wave  lont,"fchs» 
Thi:     oiatance  enables  us  to  select  tho  central  fiy  of  n  shorter  ireve- 

v  7^*800)  as  compared  with  these  In  older  sp«««tror,r!iphs, 
*  1»  of  sree*:  advantage  for  the  spectra  of  stars  cer.talninc  a  mall  number 

-«  snd  situated  in  the  were  refraoted  part  of  the  spectrum.  In  a 
•pectrofpraph  with  a  prism  of  this  sort  of  f.lnss  t-  -•<  spectnan  of  stars  nay  be 
followed  up  to  S70QA. 

Large  prisms  (see  C}  14)  are  often  made  of  crown  glass  tho  angular  dl«- 
persior  of  which  is  ouch  less  than  that  of  flint  glass. 

Of  pr?at  imj^rtprjc*  is  *••        s*ttir^  of  the  prlsr  and  Jte  position 
with  respect  to  the  ra^.Ti  corain«r  out  from  the  object iv»  of  tfco  oc1 
The  prlem  In  Its  setting  mist  be  fastened  firstly  50  that  roi  tron  the  slightest 
shift  shall  cocvr  in  the  T-»r?ous  positions  of  the  telescope.  On  the  other 
there  should  be  nc  pressure  on  the  prtsm  because  pressure  ma.,  decora 

isa  and  render  It  valueless.   A  prism  set  In  its  setting  and  fastened 
u  spectrograph  should  satisfy  the  folloirlnf;  requirements:  1)  the  refract- 
ing edge  should  be  parallel  to  the  axis  of  rotation  of  the  prise,  and  2}  the 
edges  of  %  prlsn  should  be  perpendicular  tc  the  optical  axis  of  tho  ooaora  and 
oolll'cator.  Usually,  the  moohinlc  who  assembles  the  spootrograph  takes  care 
that  these  conditions  be  fulfilled.  Finally,  it  is  very  essential  tmt  the 
pencil  of  light  on  passing  through  the  prf.en  shall  rs..-.a!n  honocentrio.  Only 
in  this  case  will  the  licage  of  th«  all!  In  the  fcoul  plane  of  the  camera 
remain  sharp.  The  honooentrieity  of  the  pencil  of  rays  after  its  passage 

the  prlsa  nay  be  maintained  under  th«  two  conditions:  1)  when  the  bhin 
f  rays  passes  through  the  prisa  under  an  angl«  of  minlnuo  deviation, 
ar.d  2)  when  a  pencil  of  parallel  rays  falls  on  th«  priori,  and  in  this  o&se  the 
homo  cent  rir.ity  is  praterrea  also  when  the  condition  of  n.inlraur.i  deviation  is 
absent,  nils  la  the  reason  why  a  colllaator  is  used.  The  pencil  of  rays  of 

t  cotdng  out  from  the  objective  of  the  collltmtor  nay  .V  regarded  as 
complex  of  monochromatic  parallel  rayst  upon  the  ooming  out  of  the  prism  we 
shall  have  a  complex  of  nonoohromtio  parallel  rays  of  varloua  directions,  and 
s  property  is  of  great  importance  in  tho  formation  of  the  image  at  the 

3  of  the  camera.  The  combination  of  the  parallol  pencil  of  rays  under  the 
dition  of  least  deviation  helps  greatly  to  obtain  a  sliarp  imge  along  the 
length  ol  the  spectrun  In  the  fooal  plane  of  the  camera.  The  mounting  of  the 
prlcr.  at  t)  c  angle  of  olnlnun  deviation  is  done  in  the  lollovlng  mnn 
rotating  the  prisa  urouml  the  axis,  wo  vnitoh  ti;o  shift,  in  tho  fooal  plane  of 

canera,  of  son*  ioago  or  a  known  spectral  line.  In  the  rotation  of  tho 
pri^a  tho  image  mores  first  to  one  slue  then  it  Jfrepe  and  moves  i..     .  averse 
The  position  of  tne  prisu  wi.urx  w.-.  iuw^e  »tops  corresponds  to  the 
angle  of  mlnimusi  deviation  for  a  given  f*ve_Aer.gt/i,  Usually  wuoh  a  muntinc 
is  made  with  respoet  to  the  oontral  part  oi  the  speoxrua. 

Wo  may  say  that  the  ooiAiti&n  o£  viuinuBt  deviation  is  oi'  ouch  help  toward 
the  forutttion  oi'  a  puro  spuotnsa* 
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Next,  when  the  prim  is  in  a  position  corresponding  to  the  angle  of 
minima  deviation,  nail  shifts  of  the  prism  at  various  senit|i  distances  and 
hour  angles  produce  the  least  effect  (shift  of  spectrum)  in  the  determination 
of  radial  velocities  as  compared  with  what  takes  plaoe  at  any  other  petition 
of  the  prisa.  Finally,  at  the  angle  of  minima  deviation  there  is  the  least 
loss  of  light  by  reflection  of  light  from  the  prism. 

§  ••  The  Camera.  The  objective  of  the  camera  is  Mad*  somewhat  larger 
than  that  of  the  oollimator  as  the  pencil  of  light  canine  out  from  the  prism 
is  somewhat  wider  than  that  entering  it*  Usually,  the  speotrograph  has 
several  cameras  the  foorl  distances  of  which  determine  the  linear  dispersion 
for  a  given  nuaber  of  prisms.  The  camera  objectives  used  in  stellar  spectro- 
graphy  usually  have  a  limited  good  field  of  the  order  of  2*  -3".  Usually 
for  a  speotrograph  of  throe  prisms  in  good  focus  the  portion  of  the  ipeotrum 
obtained  is  merely  200  to  400  A  long  which  fact  is  a  great  limitation  in  the 
work  on  radial  velocities  and  especially  in  photometric  investigations  of 
lines. 

Of  late,  the  problem  of  obtaining  a  longer  portion  of  the  speotrun,  and 
sometimes  of  the  entire  visible  portion  of  the  spectrum,  may  bo  considered  as 
solved.  The  first  new  interesting  innovation  in  this  field  is  Zeiss's 
"ohromat".  It  is  an  objective  made  of  the  same  sort  of  glass  as  that  of  the 
prism  and  it  consists  of  two  menisci,  one  positive  and  the  other  negative, 
separated  by  a  layer  of  air.  The  chromatic  aberration  is  not  corrected  here 
because  both  lenses  are  made  of  the  same  material.  However  by  a  suitable 
selection  of  the  inclination  of  the  plate  holder  it  is  possible  to  obtain 
a  good  focus  along  a  large  portion  of  the  spectrum.  With  such  an  objective 
the  field  is  widened  by  about  16*  Zeiss's  "ohromat r  yields  excellent  results 
only  with  long  cameras  having  a  ratio  of  more  than  1;12. 

The  other  serious  deficiency  of  tide  objective  is  the  considerable 
inclination  of  the  plate  holder,  for  the  slightest  deviation  from  the  focus 
causes  a  considerable  error  (§U). 

For  a  speotrograph  of  a  single  prism  it  is  possible  to  obtain  an  excellent 
field  by  taking  as  an  objective  of  the  camera  the  Hastings-Brashear  triplet. 
Having  a  light  gathering  power  of  1»12  and  the  inclination  of  the  plate  holder 
at  2*,  the  entire  spectrum  from  MOO  to  6700A  will  bo  in  good  focus  and  the 
extreme  deviation  will  not  exceed  O.lmm.  There  are  several  types  of  Hastings- 
Brashear  objectives.  However,  the  getting  of  flat  field  is  rendered  more 
difficult  if  three  prisms  are  used  at  cameras  of  very  short  focus.  In  general, 
the  character  of  the  fooal  surface  of  the  speotrograph  depends  chiefly  on 
the  following  factors:  1)  on  the  chromatic  curve  of  the  objective  of  the 
oollimator,  2)  on  the  chromatic  curve  of  the  objective  of  the  camera,  8)  on 
the  curvature  of  the  field  of  the  objective  of  the  oai.ora,  and  4)  on  the  degree 
of  deviation  from  the  condition  of  homooentrioity  for  the  rays  of  different 
wave-lengths.  The  farther  the  rays  of  a  given  wave-length  are  from  the  middle 
of  the  spectrum  and  the  greater  is  the  dispersion,  the  more  difficult  it  is 
to  obtain  a  flat  field  for  long  portion  of  the  spectrum.  In  speotrographs 
of  a  single  prism  at  a  moderate  dispersion  an  exoellen "chromatic  curve  is 
often 


This  curve  la  represented  on  figure  20,  paje  131  for  the  single  -  prlui 
speotrograph  used  together  with  the  40  inoh  reflector  on  the  Simeis  observa*- 

At  prevent  spectrographs  of  greater  light-gathering  power  are  beooming 
of  greater  imports no*  because  in  the  determination  of  radial  velocities,  the 
bright  start  are  already  ooTered  and  work  oust  be  done  on  the  fainter  stars 
among  which  are  certain  stars  of  th*  greatest  aetpaaatrophysioal  Interest. 
Into  astronomical  practice  are  now  introduced  cameras  of  short  focus  and  of 
large  light-gathering  power.  They  enable  us  to  gain  in  brightness  at  the 
expense  of  loss  in  linear  dispersion  and  in  purity  of  th*  spectrum.  The  gain 
in  brightness  may  be  Justified  the  more  because  certain  faint  objects  produce 
spectra  with  washed  out,  wide  and  irregular  lines  so  that  the  decrease  in 
linear  dispersion  has  little  effect  on  the  accuracy  of  the  determination  of 
radial  relooities. 

However,  the  difficulty  of  obtaining  flat  field  increases  with  the  in- 

o  trte  angular  aperture*  For  objectives  of  short  fponl  length  an  ex- 
cellent field  is  required  oad  a  shortening  of  0. 1  *n  with  a  light-gathering 
of  1:5  already  af foots  the  q-jality  of  the  lines  in  the  spwotrunu  Those 
s  of  large  light-gathering  power  which  produce  a  small  linear  ois- 
ion  and  whiuh  consist  of  two  or  three  prisms  in  combination  with  cameras 
very  short  focus  are  very  advarg*geou8.  Since  the  resolving  power  with 

length  of  base  of  prisa  depends  on  the  number  of  prisms,  such  a 
ticn  enables  us  to  obtain  with  a  small  linear  dispersion,  a  sufficiently 
•urn  and  a  considerable  gain  in  brightness,  The  gain  in  brightnees 
still  greater  because  the  slit  in  a  oauera  of  very  short  x'oous  nay 
opened  wider.  ?br  such  spectrograms  of  great  light-gathering  power  the 

advantageous  objectives  are  those  of  Icuii*  (representing;  a  modification 
objectives  of  the  Petsvaal  type),  which  produce  very  good  results  with  a 
-ring  power  of  IjS  (the  flat  field  is  within  the  limits  of  0.03). 
flat  field  and  the  sharp  images  are  also  given  by  the  lessar  Zeiss  and 
ss's  Special  Eomooentrio  objectives* 

Hose's  objectives  may  go  farther  with  respect  to  light-gathering  power, 
ut  the  r«B»ar  gives  a  flatter  field  and  the  plate  remains  perpendicular  to 
i  optical  axis* 

Spectrogr&phs  of  nsMcinnm  light-gathering  povr«r  arc  required  for  the  speotro- 
phio  investigations  of  nebulae*  nils  is  connected  with  the  fact  that  the 
nebulae  are  very  faint,  where  as  an  increase  of  tho  sise  of  the  telescope  offers 

to  elongated  celestial  objects.  Of  late  complicated  objectives 
sf  microscope*  (Bighton's  camera  witli  a  ratio  of  1:1  or  even  liO.V)  are  intro- 
into  practice  for  this  purpose,  so  that  the  plate  almost  touches  the 
surface  of  the  objective, 

37  ceans  of  such  speetrographs  spectra  of  nebulae  *f  16-th  magnitude  are 
stotographcd  yt  bount  Wilson* 

When  isr^a  dispersion  and  purity  of  spectrum  are  required,  thrt»e  prisms 
ire  usually  used.  But  in  this  case  all  objectives  giv»  a  field  concave  to- 
iard  the  objective  so  that  only  a  limited  portion  of  the  spectrum  may  be 
ihotographed  at  once.  Although  Zeiss 's  "Chroma t"  ao4  the  Krashear  Light  Crowr 
;ive  a  satisfactory  result,  their  use  is  connected  with  a  considerable  inolina- 
:ion  of  the  plate  holder  (especially  for  Zeisa's  "Chronat")  which  is  a  short- 
ismtiig  in  the  determination  of  radial  velocities  and  in  spectre  graphic  in- 
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In  this  respect  the  best  objectives  are  the  contemporary  astronomical 
objectives  of  Ross  (of  four  lenses)  which  give  a  remarkably  flat  field  of 
15*  in  diameter.  With  these  objectives,  specially  designed  for  speotrographs, 
excellent  results  are  obtained  in  respect  to  field  and  sharpness  of  images. 
These  results  could  not  bo  obtained  by  objectives  of  other  types*  The  field 
may  be  made  of  still  greater  use  if  the  plate  in  the  casket  is  given  a  certain 
Mrrfl"C  and  corresponding  springs  are  set  in  the  casket.  These  objectives  are 
especially  useful  in  work  on  the  photometry  of  spectral  lines,  as,  in  this  case, 
a  large  dispersion  is  possible  and  yet  it  desirable  to  obtain  immediately,  in 
good  focus,  the  maarlmrai  length  of  a  portion  of  the  spectrum, 

€>  9.  liA»  Lteohanioal  Construction  of  the  Speotrograph  and  the  Flexure. 
The  laboratory  universal  type  was  taken  as  the  base  of  construction  of  the  stellar 
speotrograph.  It  soon  became  clear  that  special  changes  in  construction  in  which 
the  inevitable  flexure  of  the  speetrograph,  as  of  a  certain  flexible  system  which 
does  not  remain  at  rest,  must  bo  taken  into  consideration.  This  is  especially 
important  if  wo  determine  radial  velocities  of  stars  when  the  exposure  often 
lasts  scores  of  minutes  and  oven  several  hours* 

From  the  point  of  view  of  the  mechanical  construction  of  speotrographs 
(in  connection  with  the  effect  of  flexure)  two  typos  are  to  be  distinguished. 
In  the  first  type  the  speotrograph  alone,  or  the  speotrograph  with  its  support- 
ing system  and  with  which  it  constitutes  a  whole,  is  fastened  directly  to  the 
telescope.  It  is  natural  to  expect  in  this  case  that  the  speotrograph  having 
one  or  several  fulorums  in  the  place  where  it  is  fastened  to  the  tubie  will  suf- 
fer a  large  differention  flexures  similiar  to  a  beam  fastened  to  a  wall  by  one 
of  its  eoas.  In  speotrographs  of  this  type,  which  were  used  at  first,  the  effect 
of  flexure  was  so  larr*  daring  a  long  exposure  that  it  was  impossible  to  deter- 
mine the  radial  velocities.  Even  with  an  exposure  of  one  hour  the  shift  of  the 
spectral  lines  as  a  result  of  the  differential  flexure  produced  an  error  in 
radial  velocities  <n  many  kilometers, 

The  first  improvement  was  a  firmer  fastening  of  the  various  parts  of  the 
speotrograph  to  each  other. 

In  the  second  type  of  speotrograph  the  influence  of  the  differential 
I flexure  on  the  measured  radial  velocity  may  be  reduced  to  only  a  small  fraot- 
,  ion  of  a  kilometer.  This  is  done  by  the  application  of  a  new  principle,  proposed 
by  Wright,  consisting  in  the  speotrograph  and  its  supporting  system  being  con- 
structed as  two  independent  parts.  The  so  called  "support",  the  system  support- 
ing the  speotrograph,  is  directly  fastened  to  the  telescope,  and  this  "support" 
is  made  as  rigid  as  possible.  Th  speotrograph  proper  rests  on  this  system  to 
wbioh  it  is  bound  at  two  points  properly  selected.  The  position  of  these 
supporting  points  may  be  seen  in  figure  21  and  22. 

One  of  these  supporting  parts,  which  is  usually  between  the  prism  and  the 
camera,  is  an  axis  passing  through  the  speotrograph.  The  other  support  is  on 
the  upper  part  of  the  speotrograph.  In  some  constructions  the  upper  support 
serves  chiefly  to  prevent  the  speotrograph  from  rotating  around  the  lower  axis* 
From  the  ends  of  the  lower  axis(and  sometimes  also  from  the  upper)  are  projected 
braces  which  connect  this  supporting  system  with  the  telescope.  The  connect- 
ions cf  the  speotrograph  with  its  supporting  syftt«a  ia  such  that  the  flexure 
of  the  separate  parts  of  the  supporting  system  will  not  cause  harmful  strains 
in  the  separate  parts  of  the  speotrograph*  With  the  suitable  selection  of  the 
fulorums  (which  may  be  calculated  theoretically  on  the  bases  of  the  weight 
and  sises  of  the  separate  parts  of  the  speotrograph,  or  on  the  bases  of  test 
experiments)  it  is  possible  to  distribute  the  flexure  between  the  supporting 
points  and  outside  of  them  in  such  a  way  that  the  effect  of  flexure  will  be 
very  small.  Besides,  the  entire  system  is  made  very  rigid  and  firm.  In  this 
case  in  a  two  hour  exposure  the  shift  of  the  speotrun  because  of  the  differ- 
ential flexure  may  be  reduced  to  a  very  small  magnitude,  in  linear  measure  to 
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less  than  O.OOOSma,  Sinoe,  in  addition,  the  comparison  speotrum  of  the  ter- 
reatrial  source  is  exposed  at  least  two  tines  (at  the  beginning  and  at  the 
end  of  the  exposure  of  the  star),  it  appears  that  for  a  speotrograph  of  a 
single  prisa  the  influence  of  flexure  on  the  radial  velocity  will  be  only  a 
fraction  of  0.0006mm.  Expressed  in  kilometers,  the  effect  of  flexure  in  the 
determination  of  radial  velocities  may  be  reduced  to  0.2  to  O.S  kilometers* 

The  progress  in  the  de :reaae  of  flexure  was  obtained  chiefly  by  the 
separation  of  the  speotrograph  proper  from  its  supporting  system  with  which 
it  is  connected  schematically  at  two  points.  The  considerable  flexure  com- 
pelled the  abandonment  of  the  original  universal  type  in  which  it  was  pos- 
sible to  change  dispersions  by  changing  the  number  of  prisms.  The  division 
of  the  speotrographs  into  those  of  one  prism,  of  two  prissy,  and  of  three 
prisms  enabled  us  to  make  then  more  compact.  Of  late,  however,  the  universal 
type  of  the  oonpaot  sort  is  again  being  introduced  (at  Victoria),  but  main- 
taining the  principle  of  attaching  the  speotrograph  proper  to  its  supporting 
system  (fig.  25). 

It  is  necessary  to  distinguish  between  general  and  differential  flex- 
ure. In  the  determination  of  radiul  velocities  the  most  dangerous  effect 
is  that  of  the  latter,  which  shows  itself  during  the  exposure  in  changing  the 
position  of  the  plate  holder  part  of  the  camera  with  respect  to  the  other 
parts  of  the  speotrograph,  especially  with  respect  to  the  slit. 

Ths>  general  flexure  produces  an  effect  here  of  secondary  order  only. 
Thus,  when  the  optical  axes  of  the  telescope  and  speotrograph  are  brought 
into  complete  coincidence  at  the  given  position  of  the  speotrograph,  this 
coincidence  ia  destroyed  at  any  other  position  because  of  the  general  flexure. 
Therefore  an  uneven  illumination  of  the  objective  of  the  oolliaator  takes 
place  which  fact  may  oause  a  systematic  error  in  the  determination  of  radial 
velocities  (612).  The  effect  of  the  general  flexure  of  the  speotrograph  is 
very  difficult  to  separate  from  the  effect  of  the  gcaeral  flexure  of  the  tube 

(  $12). 

It  is  also  necessary  to  ntto  that  the  same  flexure  will  be  of  greater 
effeot  in  a  speotrograph  of  a  single  prism  aa  compared  with  that  of  a  speotro- 

of  three  prisms.  This  is  explained,  on  one  hand,  by  the  difference 
scales  or  linear  dispersion  (since  the  same  angular  change  causes  a  linear 

which  is  invorsly  proportional  to  the  dispersion),  and,  on  the  other 
,,  by  the  difference  of  the  mutual  position  of  the  separate  parts  in 
speotrographs  of  a  single  prism  and  that  of  speotrographs  of  three  prisms. 
In  the  latter  case  the  angle  of  deviation  is  close  to  180» »  the  slit  and  the 
plate  holder  may  be  very  close  to  each  other  which  fact  deoreases  the  effeot 
flexure  on  the  contrary  in  a  speotrograph  of  a  single  prism  the  slit  and 
prism  are  at  •^it<-'*'  distance  from  each  other  and  therefore  the  effeot 
of  flexure  will  be  greater. 

The  real  shift  of  spectral  lines  because  of  flexure  follows  a  quite 
lioatea  lev  the  determination  of  which  before  hand  is  difficult  to 

The  effeot  of  flexure  depends  on  whether  the  oollimator  is  on  the 
prolongation  of  the  geometric  axis  of  the  telescope  or  is  perpendicular  to 
it.  The  flexure  also  depends  on  the  mutual  position  of  the  separate  parts 
jf  the  speotrograph,  their  weight,  and  the  angle  of  deviation  of  prisms. 


nevertheless,  the  flexure  may  be  expressed  by  soue  formula.  If  F  is  the 
maximal  flexure  when  the  telescope  is  directed  towards  the  southern  point 
of  the  horison  (which  is  true  of  most  speotrographs  of  three  prisms),  then, 
at  any  other  position  of  the  telescope  and  speoftrograph,  the  flexure  f  (which 
is  the  component  influencing  the  radial  Telocity)  nay  be  expressed  approximate- 
ly by  the  following  formula: 


where  5  is  the  declination,  i  is  the  senith  distance,  p  is  the  parallactio 
angle,   is  the  latitude  of  the  place,  t  is  the  hour  angle. 

Hanoe  it  follows  that  the  differential  flexure  during  the  exposure 
t2  -  t}*  is  equal  to 


In  a  more  general  oase  (especially  for  speotrographs  of  a  single  prism) 
the  minima  of  flexure  obtain*  not  when  the  telescope  is  directed  towards 
the  senith  but  at  a  certain  senith  distance  s.  If  we  again  denote  by  F  the 
flexure  (the  point  at  a  distance  of  90*  from  s),  we  shall  similarly 


The  formulae  (IB)  and  (20)  are  quite  approximate.  The  effect  of  florure  is 
usually  determined  in  an  experimental  way,  Tint  the  telescope  is  directed 
to  any  point  on  the  meridian,  and  the  comparison  spectrum  Pe  and  Ti  is  ex- 
posed.  Hext,  without  touching  the  plate  holder  the  telescope  is  directed 
toward  another  distant  point  on  the  meridian,  or,  without  changing  the  de- 
clination, toward  a  point  at  a  large  hour  angle  west  ward  or  east  ward  the 
comparison  apeotnsn  is  exposed  again  on  the  seme  plate  (the  diaphragm  on 
•lit  is  so  shifted  that  both  spectra  appear  side  by  aide).  Measuring  the 
shift  of  the  speotra  in  a  series  of  such  pairs  of  photographs  it  is  possible 
to  determine  the  ralue  of  the  maxlaMi  flexure  and  its  corresponding  value  of 
the  cenith  distance. 

10.  The  Mounting  of  a  Speotrograph,  The  separate  parts  of  a  speotro- 
graph  as  well  as  'the  spoctro^raph  as  a  whole  were  described  in  the  previous 
sections,  low  we  shall  pass  on  to  the  description  of  the  basic  operations 
necessary  before  we  ean  start  regular  observations  with  the  speotrograph, 
First  it  is  necessary  to  assure  ourselves  that  the  separate  optical  parts 
of  the  teleseepe  proper  are  well  centered  with  respect  to  one  another*  This 
is  done  by  means  of  well  known  methods.  After  that  the  speotrograph  is 
attached  to  the  ocular  end  of  the  telescope*  Next  it  is  necessary  to  bring 
into  coincidence  the  axis  of  the  oollimator  and  optical  axis  of  the  telescope. 
The  conditions  of  centering  vary  depending  or  whether  the  speotrograph  is 
situated  on  the  prolongation  of  the  gemetrio  axis  of  the  telescope  or  is 
situated  perpendicularly  to  this  axis.  Essentially,  it  is  necessary  to  get 
such  a  state  of  affairs  that  the  pencil  of  light,  entering  through  the  slit 
into  the  oollimator,  illuminates  the  objective  of  the  oollimator  uniformly 
and  entirely,  i.e.  be  oonoentrlo  with  respeot  to  it.  This  is  obtained  in  the 
following  manner.  The  mirror  or  the  objective  of  the  telescope  are  gror.tly 
diaphragned,  and  it  is  desirable  to  make  such  a  diaphragm  which  has  at  its 


edge  a  series  of  apertures  of  1  to  2  cm  situated  ooncentrioally  with  respect 
to  the  mirror  or  the  objective  of  the  telescope.  On  the  objective  of  the 
oollimator  is  put  a  ring  with  a  lustcrless  plat*  with  concentric  circles.  The 
telescope  is  directed  toward*  the  Sun  and,  setting  the  corresponding  diaphragm 
on  the  slit  so  that  a  small,  almost  square,  aperture  appears,  a  circle  of  small 
images  is  obtained  on  the  ground  glass.  This  circle  of  images  should  be  con- 
centric with  respeot  to  the  edge  of  the  objective  of  the  oollinator.  This  la 
done  by  the  aid  of  set  screws  and  look  •  nuts  by  which  the  speetrograph  is 
fattened  to  the  telescope.  In  the  oase  of  a  reflector  of  the  Oassegrainian 
type,  when  the  large  mirror  has  no  out  in  the  central  part,  the  concentricity 
of  images  on  the  ground  glass  is  obtained,  in  part,  by  a  slight  regulation  of 
the  third  flat  small  mirror  of  the  reflector.  This  centering  should  be  Made 
at  a  very  small  senith  distance.  If  possible  it  is  bettor  to  use  the  illumina- 
tion from  the  sky  and  not  iron  the  Sun*  Sometimes,  for  spectrographio  ob- 
servations instruments  are  used,  the  objective  of  which  is  acuroraatiied  for 
visual  rays.  In  this  oase  the  correcting  lense  is  at  first  centered  separately 
with  respeot  to  the  objective  of  tue  oollimator.  It  is  of  great  importance  to 
obtain  a  complete  and  uniform  illumination  of  the  objective  of  the  oollimator. 
Another  way  of  assuring  ourselves  of  bh«  correctness  of  the  centering  is  the 
following.  A  bright  star  is  accurately  held  on  the  slit,  and  a  photographic 
plate  is  attached  to  the  objective  of  the  oollinator.  If  the  plate  is  uni- 
formly darkened  and  if  the  bright  little  circle  (in  the  oase  of  a  reflector), 
corresponding  to  the  diaphragming  small  mirrors,  is  exactly  in  the  center, 
then  the  centering  is  quite  accurate.  Otherwise  it  is  still  to  be  attained. 

The  focusing  of  the  complete  •pectrograph  the  parts  of  which  are 
already  regulated  is  c*^**  quickly  and  accurately  according  to  Imrtaann's 
method  (somewhat  changed;  for  the  investigation  of  objectives.  On  the  object- 
ive of  the  oollimator  or  camera  is  put  a  semicircular  diaphragm  which,  upon 
rotation  through  180* ,  enables  the  pencil  of  light  to  pass  through  the  upper 
or  lower  half.  On  the  same  plate  are  obtained  side  by  side  two  comparison 
spectra  at  one  and  then  at  the  other  position  of  the  semicircular  diaphragm 
(in  taking  the  second  photograph  the  diaphragm  on  the  slit  is  correspondingly 
shifted).  If  the  plate  is  not  at  the  focus,  the  lines  in  both  spectra  will 
be  mutually  shifted,  and,  as  can  be  easily  comprehended,  the  shift  of  the 
lines  will  be  different  directions  depending  on  whether  the  plate  is  on  one  or 
the  other  side  of  *ho  focus.  Having  obtained  4  or  5  such  plates  at  different 
settings  of  the  focusing  scale  it  is  possible  to  deteruine  the  focus  easily 
and  quickly,  without  any  measurements,  with  an  accuracy  up  to  0.05mm  by  abeerv- 
ing  the  spectrogram  with  a  magnifying  glass  as  to  the  shift  of  lines*  The 
only  deficiency  in  this  method  is  that  in  oase  the  prism  is  not  quite  homo- 
geneous (§12)  the  determination  of  the  focus  will  include  a  systematic  error. 
In  order  to  obtain  as  long  a  portion  of  the  spectrum  as  possible  in  good 
focus  it  is  necessary  to  incline  the  plate  holder  part  for  meet  cameras.  The 
correct  inclination  of  the  plate  holder  is  determined  by  the  save  method  by 
which  the  focus  is  determined.  It  is  Assumed  here  that  the  plate  holder  part 
car      ftted  around  an  axis  passing  aproximately  near  the  middle  of  the 
plate  holder.  First,  the  focus  for  the  middle  part  of  plate  is  determined. 
Hart,  two  comparison  spectra  corresponding  to  both  positions  of  the  semi- 
diaphragm  placed  on  the  objective  of  the  oollimator  or  camera  and 
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opening  the  upper  and  lower  halves,  are  set  side  by  aide  and  obe erred  through 
a  Magnifying  glass.  If  the  mutual  shift  of  the  spectral  lines  of  both  com- 
parison spectra  in  the  extreme  region*  of  the  plate  is  directed  towards  dif- 
ferent sides,  it  shows  that  both  ends  of  the  plate  are  on  different  side*  of 
the  foous  and  therefore  the  inclination  should  be  corrected*  This  operation 
should  be  continued  (each  tiwe  correcting  the  foous  of  the  central  part  of  the 
spectrum)  until  in  the  extreme  parts  of  the  spectrum  a  nutual  shift  of  line* 
in  the  smae  direction  by  the  sane  amount  will  take  place,  This  will  show  that 
the  inclination  is  correct  and  that  the  deviation  from  the  foous  depends  on 
the  curvature  of  the  field  or  on  the  deviation  of  the  chromatic  curve  from  a 
plane. 

5,  Determination  of  Radial  Velocities* 

Measurements  and  Reductions  of  Spectrograms,  The  measurements  of 
spectrograms  is  usually  made  by  means  of  a  microscope  having  a  measuring 
screw.  Essential  parts  of  this  instrument  are  the  micrometer  screw,  by  means 
of  which  it  "possible  to  move  the  holder  of  the  spectrogram,  and  a  good  micros- 
cope of  small  or  average  magnification.  The  cross-hairs  at  the  end  of  the 
eye-glass,  the  upper  part  of  the  spectrogram-holder  or  carriage  and  tho  spectro- 
gram itself  may  be  so  placed  that  the  cross  hairs  always  remain  perpendicular 
to  the  spectrum,  and  the  direction  along  the  length  of  the  spectrum  remains 
parallel  to  the  notion  of  the  carriage. 

During  the  measurements  the  readings  are  usually  made  by  means  of  two 
indices  which  are  situated  side  by  side  and  which  are  divided  by  a  thin  plate 
with  a  marked  seals.  One  index  show*  complete  revolutions  of  the  screw,  the 
other  only  portions  of  a  revolution.  It  is  desirable  to  have  at  hand  two  or 
more  objectives,  so  that  the  magnification  of  the  microscope  can  be  changed 
in  accordance  with  the  nature  of  the  spectrum*  For  spectra  of  thin  and  sharp 
lines  the  magnification  should  be  from  20  to  30  times,  and  in  measuring  spectra 
of  washed  out  and  very  faint  lines  it  is  preferable  to  magnify  from  10  to  15 
times.  Besides,  the  magnification  may  be  changed  according  to  the  granulation 
of  the  plate.  Plates  which  are  less  sensitive  and  of  smaller  grain  in  their 
granulation  permit  a  larger  magnification.  To  be  sure,  the  spectrogram  must 
be  well  and  uniformly  lighted  by  means  of  a  mirror. 

the  errors  made  during  the  measurements  of  spectrograms  may  be  various. 
first,  it  is  necessary  to  investigate  the  periodic  and  progressive  error  of 
the  screw,  with  a  large  magnification  by  means  of  the  method  well  known  in 
practical  astronomy*  In  modern  miorometrio  screws  these  errors  are  very 
avail  (of  the  order  of  the  fourth  decimal)  and  are  not  taken  into  considerat- 
ion any  more.  If  the  error  is  noticeable  (of  the  order  of  the  second  or  third 
deeLaal),  tables  of  corresponding  corrections  are  made  and  posted.  However, 
for  the  determination  of  radial  velocities  (the  mean  of  a  large  number  of  lines) 
the  influence  of  this  error  will  be  very  small. 

nother  source  of  error  is  the  systematic  difference  of  setting  upon  the 
1'i-i  ;ht  lines  ir.  the  -  *otrum  of  a  star  and  upon  the  dark  lines  in  the  comparison 
spectrum  (we  should  remember  that  the  negatives  of  the  spectra  are  measured). 
If  the  spectrogram  is  measured  in  ite  two  positions  differing  by  180*  from 
each  other,  the  meerfr  value  of  the  two  measurements  will  be  largely  free  of 
this  error. 


Next,  the  influence  of  the  temperature  nay  show  in  the  measurements. 
It  it  very  desirable  that  the  temperature  remain  as  constant  as  possible 
during  the  measurements}  besides,  the  measurements  should  not  be  interrupted. 
In  uninterrupted  measurements  the  influence  of  the  change  of  temperature  on 
the  screw  and  other  parts  of  the  instunnent  is  muoh  less.  It  is  necessary  to 
koep  in  mind  the  possibility  of  accidental  errors  of  setting  depending  on  the 
quality  of  the  lines  and  the  character  of  the  plates.  If  the  Unas  in  the 
spectrum  are  very  good,  the  accuracy  of  setting  on  the  stellar  spectra  is  bet- 
ter than  that  of  the  comparison  spectra.  This  is  because  thn  setting  of  a 
dark  cross-hair  on  a  dark  thin  line  of  the*  artificial  spec-run  of  Fe  or  Pj 
is  lees  accurate  than  the  setting  upon  a  bright  line  of  a  stellar  spectrum, 
But,  on  the  average,  because  the  lines  in  a  stellar  speotrun  are  rarely  Iso- 
lated, sharp,  and  synnetrical,  the  accuracy  of  setting  in  both  oase  becomes 
the  sane,  or  it  even  becomes  nore  accurate  for  lines  of  the  comparison  spoctra. 

The  purpose  of  measuring  a  spectrogram  is  to  determine  the  relative  wave- 
lengths of  the  spectral  lines.  The  spectrogram  is  so  situated  on  the  instrument 
that  the  reading  on  a  selected  line  (about  the  middle)  is  always  the  same, 
Then,  the  sum  of  readings  of  the  two  positions  (the  violet  end  on  the  right, 
and  then  violet  smd  on  the  left)  for  all  lines  will  bo  about  the  save  and  it 
will  be  close  to  a  whole  number,  let  us  say,  180  or  200,  Subtracting  from  this 
•usrtisr  all  the  readings  in  the  second  position,  we  shall  obtain  values  for 
separate  lines  olose  to  the  readings  of  the  first  position  of  the  spectrogram, 
It  is  desirable  that  the  readings  at  the  first  position  should  increase  as  the 
wave-lengths  increase.  Taking  the  mean  values  of  the  readings  in  the  first 
position  and  in  the  reversed  second  position,  we  shall  obtain  results  which 
will  be  free  to  a  large  extent  from  errors  of  setting  which  depend  on  the 
character  and  form  of  the  various  lines.  As  we  said  before,  by  a  turn  of  180* 
the  error,  which  depends  on  the  differences  of  setting  on  bright  stellar  lines 
and  on  Hark  lines  in  the  comparison  spectrum,  will  be  eliminated, 

If  we  depict,  on  millimeter  paper,  the  wave-lengths  as  abscissas  and  the 
final  means,  readings  as  ordinate*,  the  points  will  settle  on  a  certain  curve 
which  is  olose  to  a  hyperbola,  Cornu  and  Hartaann  found  that  these  curves 
may  be  mere  or  less  (depending  on  the  magnitude  of  the  measured  portion  of  the 
spectrum)  represented  by  the  formula 
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or  by  (22) 
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In  these  dispersion  formulas  \  t  ^,  and  C  are  constants,  3,  is  the  wave-length, 
oL  in  (22)  is  usually    .  The  second  foruula  is  more  useful  for  longer  port- 
ions of  the  spectrum*  The  application  of  these  formulae  is  as  follows  i 
readings  are  obtained  for  a  series  of  lines,  in  the  comparison  spectrum,  of 
well  known  wave-lengths  »  by  three  or  these  lines  (one  in  the  middle  and  one  on 


each  and)  the  constants  are  determined  by  the  formulae  (21)  and  (22)  »  and  con- 
versely, by  these  constants  and  by  the  same  formulae  z  is  computed  for  all 
other  lines  of  the  comparison  spectrum.  Comparing  the  results  with  the  measured 
values  of  z  it  is  possible  to  know  how  well  the  formula  represents  the  measure- 
ment, By  means  of  corrections  obtained  for  the  comparison  spectrum  it  is 
possible  to  correct  the  readings  of  the  stellar  lines  and  find  corresponding 
value*  of  wave-lengths  for  the*  by  the  formulae  (21)  and  (22), 

The  constants  of  the  formula  are  easily  determined.  It  is  desirable  to 
introduce  in  the  solution  the  following  new  unknowns  instead  of  Xp  x2,  Xg, 


Then  the  constants  are  determined  by  the  following  formulae 
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Of  late,  formula  (21)  is  mostly  used.  Only  for  longer  portions  of  the 
spectrum  (22)  is  applied.  The  constants  are  computed  by  means  of  successive 
approximations  for  a  series  of  value*    0.5,  0,6  eto.  In  the  formula 


7 


f  , 

(^ 


/ 

A0  i«  «o  selected  that  for  an  assigned*:  (often  £  •  0.5)  the  oomputed  /K_ 
coincides  with  toe  measured  value.     Then  ^  is  oomputed  for  A*  by  formula  xj 
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The  three  value*  of  C,  which  are  to  coincide,  are  computed  by  formula 
(2:.).  In  practical  application  formula  (21)  is  substituted  by  formula 


where  £ac  and  A  V  are  empirical  corrections  obtained  according  to  the  lines  of 
the  comparison  spectrum  as  was  explained  above.  Formula  (22)  is  substituted 
likewise. 

In  mass  determinations  of  radial  velocities  it  is  impractical  to  compute 
the  dispersion  formula  for  each  star.  Bren  if  we  use  formula  (21),  the  re* 
duction  of  a  spectrogram  take*  much  time  (the  computations  are  carried  out 
with  tables  of  logarithm*  of  six  or  seven  toejmsl  places).  Instead,  a  simple 
method  is  used  which  is  a  simplification  of  Hartmann's  method.  For  the  same 
speotrograph  having  a  given  dispersion  the  constants  change  within  very  small 
limits,  chiefly  because  of  temperature  changes.  If  ve  compare  two  spectrograms, 
with  the  comparison  spectrum,  it  will  appear  that  their  dispersion  is  differ- 
ent. The  readings  for  the  same  lines  on  one  of  them  will  differ  systematically 
from  the  other.  If  for  a  certain  middle  line  the  readings  coincide,  they  will 
increasingly  differ  on  both  sides  of  this  line*  These  deviations,  derived 
from  the  comparisons  of  the  readings  for  the  lines  of  the  comparison  spectrum, 
enable  us  to  reduce  all  the  readings  of  the  second  spectrogram  to  that  dis- 
persion which  obtains  in  the  first  spectrogram. 

Using  this  principle,  8  or  10  spectrograms  obtained  at  the  same  temperature 
are  measured  with  the  comparison  spectrum,  and  the  mean  readings  are  taken  which 
are  thus  quite  accurate,  ty  these  readings  the  constants  of  the  basic  dispers- 
ion formula  (28)  are  computed.  The  latter  serves  for  the  computation  of  tables 
of  "normal"  readings  for  all  lines  is  the  spectra  of  stars  for  which  the  wave* 
lengths  are  known.  The  table  of  the  computed  "normal"  readings  for  the  lines 
of  the  comparison  spectrum  and  the  corresponding  table  of  computed  "normal" 
readings  (for  the  same  dispersion)  of  stellar  lines  are  the  bases  for  further 
reductions  of  all  obtained  spectrograms. 

The  obtained  readings  for  the  lines  of  the  comparison  spectrum  on  the 
given  stellar  spectrogram  will  differ  from  the  "normal"  readings.  The  differ- 
ences between  them  are  recorded  on  graph  paper  as  a  function  of  the  wave* 
length  and  a  curve  is  drawn*  Using  the  curve,  corrections  are  found  for  the 
stellar  lines.  The  corrections  for  the  lines  of  the  comparison  spectrum 
is  made  of  two  parts:  1)  a  constant  part  due  to  the  fact  that  during  the) 
leasurement  of  a  given  spectrogram,  a  certain  initial  reading  of  the  line  of 
spectrum  (usually  in  th 


the  oomparieon  spectrum  (usually  in  the  middle  of  the  spectrum) 
ally  not  coincided  exactly  with  the  "normal"  roading  for  the  same  line,  and 
2)  a  variable  part  depending  on  how  much  the  dispersion  has  changed*  the 
variable  part  increases  as  the  distance  from  the  initial  reading  increases. 

The  signs  of  the  corrections  should  be  such  that,  when  the  corrections  are 
added  to  the  measured  readings  of  the  lines  of  the  comparison  spectrum,  the 
readings  are  "normal".  The  correspondingly  corrected  reading*  of  the  stellar 
lines  are  compared  with  the  normal  readings  for  them  and  the  obtained  devia- 
tion should  be  regarded  as  a  Doppler  shift. 

It  is  necessary  to  keep  in  mind  that,  if  the  temperature,  at  which  a 
given  spectrogram  was  obtained  differs  from  that  at  which  the  basic  spectro- 
gram with  "normal"  readings  were  obtained,  the  corrections  for  the  reduction 


to  "normal"  dispersion  will  be  very  large.  Therefore,  it  la  necessary  to 
obtain  a  series  of  dispersion  formulae  for  various  temperatures.  Their  con- 
stants are  evened  up  somewhat  in  order  to  avoid  accidental  errors,  and  by 
the*  several  tables  of  normal  readings,  let  us  say  for  each  10*,  are  computed. 
In  this  oase  "normal"  readings  corresponding  to  the  closest  temperature  are 
used  for  the  reduction  of  a  stellar  spectrogram. 

The  obtained  shifts  of  stellar  lines  (corrected  readings  minus  the  "normal" 
ones),  given  in  fractions  of  a  revolution  of  the  screw,  should  be  transformed 
into  kilometers.  For  this  purpose  a  table  is  used  which  gives  the  number  of 
kilometers  corresponding  to  a  single  revolution  of  the  screw  for  various  wave- 
lengths. In  order  to  compute  this  table  formula  (21)  should  be  differentiated 


Substituting  Doppler's  formula 


where  o  -  299660  km/sec,  we  find 


where  "   3*  ~*  --  ~~^~^  *••  *h0  conversion  factor  for  which  the  table  is 


i.  Since  this  conversion  factor  changes  somewhat  with  the  dispersion, 
a  corresponding  correction  is  needed  for  very  accurate  measurements* 

The  entire  process  of  reduction  is  very  simple  and  takes  little  time, 
We  shall  give  here  an  example  for  the  sake  of  illustration  (the  6-th  column 
is  dropped  during  the  process) 

The  large  amplitude  of  velocities  in  the  last  column  is  due,  in  part, 
to  the  errors  of  the  accepted  values  of  wave-lengths  of  stellar  lines  in 
the  first  column* 

Of  the  other  methods  of  reducing  spectrograms  Sohlesinger's  method  may 
be  mentioned*  It  is  a  modification  of  the  method  described  above.  In  this 
oase  the  table  of  "normal"  readings  for  the  stellar  lines  and  for  the  com- 
parison spectrum  are  computed  first,  (the  same  tables  as  in  Bartaann's 
method)*  The  method  is  based  on  the  assumption  that  on  very  small  portions 
of  the  spectrum  the  change  of  dispersion  from  plate  to  plate  can  be  re- 
presented by  a  linear  formula.  Let  R^  and  Eg  be  the  normal  readings  for  lines 
of  iron  and  let  R  be  the  normal  reading  between  R.  and  R_  for  the  lines  of 
a  star.  Next,  let  rlt  ra,  r$  respectively  be  the  readings'  for  the  given 
spectrogram.  Were  the  dispersion  the  same  for  both  spectrograms,  the  mag- 
nitude 
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82.856 

97.156 
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83.957 

96.058 
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84.998 
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89.398 
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89.888 

4557.05   ?e 

89.998 

90.009 

89.994 

4540.47  * 

90.22o 

89.794 

90,216 

4551.83  * 

90.858 

89.166 

90.846 

457. 

92.136 

87.873 

92.132 

4565.55  * 

92.575 

87.446 

98.564 
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84.114 
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446 
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31 
Table  5 

Siaeis.  A  Speotrograph  of  one  prism.  110  her culls.  1951  September  3,  688 

Continued  from  the  other  page 


Induction  to 
formal  Dispersion 

Normal  Reading 

Shift  in 
Revolutions 

Shift  in 
Ta/S9e 

4     0.069 

69.625 

71.399 

+     0.049 

4     50 

72.688 

4        .051 

4     52 

*       .072 

73.6Z5 

78.252 

*       .032 

4     55 

4       .048 

78.494 

81.785 

4        .041 

4     46 

82.007 

•       .042 

4     47 

*       .051 

82.529 

82.854 

*        .027 

4       51 

83.558 

•       .029 

4     55 

83.944 
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4     38 
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4     45 

84.988 

*        .024 

4     28 

86.243 
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4     45 

*          .015 

86.882 
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*       .027 

4     58 

89.366 
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4     58 

4          .006 
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•       .052 

4     40 

.005 

92.129 
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4       .088 

4     29 

95.151 

•       .022 

4     28 

93.667 

4       .054 

4     44 

.015 

95.878 

97.545 

4       .025 

4       51 

.021 

98.199 

100.815 

+       .024 

4       41 

.041 

105.245 

38.2 
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would  hare  evidently  represented  the  shift  of  lines  caused  by  Dopplor's 
effect.  In  reality  the  dispersion  is  different  and  its  Changs  on  the  portion 
between  R  and  R,  is  equal  to 

" 


Let  us  denote  by  Z  the  ratio 


It  the  change  of  dispersion  on  the  portion  B.  •  R^  can  be  represented 
by  a  linear  formula,  the  change  on  the  portion  Rg  -  Rj  will  be  equal  to 


th  an  opposite  sign  should  be  added  to  the  quantity 

**  ord-r  *°  o0****  **»•  »*lft  of  the  stellar  line 
ion  along  the  line  of  sight,  i.e. 


In  spite  of  the  cumbersome  appearance  of  this  formula,  the  computations 
are  swift,  as  the  quantities  Rg  -  Rj_,  Rg  -  Rj,  and  K  are  already  tabulated 

for  the  normal  readings. 

If  we  select  a  line  of  the  comparison  spectrum  so  that  the  difference 
R-  •  R.  is  not  to  exceed  five  revolutions  of  the  screw,  the  linear  formula  for 
toe  ohxnge  of  dispersion  will  be  sufficiently  accurate.  It  is  easy  to  see 
that  in  Sohtlesinger's  method  the  reduction  curve  is  replaced  by  a  broken  line 
consisting  of  a  certain  number  of  linear  sections  R>  •  R^.  In  the  first  method 

an  interpolational  curve  passing  through  the  vertices  of  this  broken  line  is 
taken. 

The  deficiency  in  Sohlesinger's  method  is  that  the  error  of  setting  on 
iron  lines  (especially  on  R.)  is  entirely  transfered  into  the  shift  of  the 

stellar  line.  On  the  contrary,  its  advantage  for  a  small  number  of  lines  in 
a  stellar  spectrum  is  the  swiftness  of  reduction  without  any  graphic  con- 
structions. In  swiftness  of  reduction  the  methods  of  Hartoann  and  of  Sohl- 
esinger  are  equal. 

In  the  measurement  of  radial  velocities  it  is  necessary  to  keep  in  mind 
that  for  a  rectilinear  slit  the  spectral  line  appears  in  the  form  of  a  curve 
with  its  convex  side  turned  toward*  the  red  end  of  the  spectrum.  This  curva- 
ture is  caused  and  depends  on  the  fact  that  the  angles  of  incidence  of  rays 
coming  cut  from  the  middle  of  the  slit  and  those  coming  out  from  the  left 
and  right  ends  will  not  be  equal,  ruvi  hence  the  passage  of  the  rays  in  the 
prism  will  not  be  the  same.  As  the  angle  of  refraction  depends  also  on  the 
index  01  refraction  which  increased  toward  the  violet  end,  the  difference  in 
the  passage  of  the  rays  from  the  center  of  the  slit  and  from  the  left  and 
right  ends  will  increase  in  the  same  direction,  and  the  effect  of  curvature 
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will  be  greater  for  shorter  wave-lengths. 

In  order  to  determine  the  corrections  for  the  curvature  of  linee  the  iron 
spectrum  la  photographed  at  as  long  a  slit  as  possible.  The  figure  of  the  line 
stay  be  represented  by  the  parabola  z  •  ay*,  treasuring  z  and  y  in  different 
points  of  the  line  we  determine  the  constant   .  Hezt,  by  argument  y  (which  is 
equal  to  half  of  the  distance  between  points  of  the  comparison  spectrun  on  which 
the  cross-hairs  arc  set  during  msmaurcaent)  we  compute  the  correction  z.  The 
.uction  thus  confuted  Trill  be  quite  accurate  if  the  setting  en  the  line  of 
isl. e  comparison  spectrum  is  eynwetrical  with  respect  to  the  lines  cf  the  stellar 
spectrum.  Otherwise,  the  reduction  will  be  aomewhat  more  ooraplioutod.  Such  a 
correction  is  determined  for  various  portions  of  the  spectrum*  Correction  x, 
translated  into  kilometers,  is  added  with  a  negative  si»n  to  thu  volooity  of 
stars.  If  the  spectrum  of  a  star  is  narrow  and  the  ends  of  the  lines  of  the 
•cjsparisen  upeutrutt  approach  oluuely  the  spectrum  of  the  star,  the  correction 
then  becomes  vary  saali.  ihe  correction,  for  a  speotrographpf  a  single  prism 
are  in  general  very  snail  consisting  mostly  of  0.2  to  0.3  kra.  Since  with  the  in- 
creases, the  correction  uay  reach  several  kilometers,  especially  when  the  com* 
parison  spectra  are  aore  separated.  This  problem  has  been  theoretically  de- 
veloped by  Ditsoheiner. 

Sometimes  the  slits  aru  made  somewhat  curvilinear,  then  t\»  lines  obtained 
are  rectilinear,  at  least  for  a  certain  portion  of  the  spectrum. 

Th«  spectro comparator,  invented  by  Hartoann,  serves  for  differential  measure* 
r .cr.ts.  The  value  of  this  instrument  lies  not  so  much  in  the  fact  that  it  enables 
us  to  obtain  a  rapid  determination  of  ths  difference  of  velocities  upon  two  spectro- 
grams of  the  sane  star  or  of  different  stars  as  in  the  new  principle  introduced 
into  astrospeotrosoopy*  This  new  principle  permits  us  in  the  determination  of 
radial  velocities  of  stars  to  ourousnrent  to  a  considerable  eztent  the  complex 
problem  of  the  system  of  wave-lengths. 

In  the  speotrocoaparator  (fig.  24  and  25)  two  spectrograms  nay  be  investigated 
in  the  field  of  a  double  articulate  microscope.  The  images,  obtained  after  their 
passage  through  the  properly  directed  objectives  0.  and  0  ,  of  the  same  spectral 
portion  are  reflected  by  two  rectangular  prisms  P^  and  P2  against  one  another  end 

they  get  into  a  special  optical  system  (Prismenkorper)  Fg  P4  which  consists  of  two 

rectangular  prises  of  unequal  sice  glued  to  each  other.  The  hypothenuae  of  the 
second,  smaller  prism  is  so  silvered  that  at  its  center  appear  three  separated 
narrow  little  bands.  Thus  the  rays  coming  out  from  one  objective  proceed  along 
the  hypothenus  of  the  small  prism  and  they  will  reflect  upwards  only  in  these 
places  where  tho  little  bond*  are,  Tfe  shall  so*  tho  cut  out  parts  of  the  apeot- 
ruu  of  one  of  the  stars  (middle  band)  and  of  tho  comparieca  spectrum  (side  bands), 
—  the  mutual  position  of  the  band  is  placed  in  accordance  with  what  takes  place 
the  spectrogram.  The  rays  fro*  the  second  spectrogram,  having  passed  through 
the  second  objective  and  been  refloated  from  the  oathetua  side  of  tho  large 

,  Jill  be  able  to  pass  through  the  non-silvered  parts  of  the  second  prism, 
i.e.  oetween  the  bands.  Then,  on  both  sides  of  tho  spootrtn  of  the  first  star 
will  appear  the  spectrum  of  the  second  star,  and  on  both  sides  of  the  upper  and 
lower  comparison  spectrum  for  the  first  star  will  appear  the  comparison  spect- 
rum for  the  second  star*  fy  means  of  an  eye-glass,  common  to  both  objectives, 
the  aaae  small  portion  of  the  spectrum  on  both  spectrogram*  may  be  observed 
s  iiuul  taneo  us  ly  . 


The  small  prism  may  also  be  differently  silvered,  in  half,  for  instance. 
Then,  the  upper  half  of  the  field  will  bo  occupied  by  the  first  spectrum  and 
the  lower  by  the  second.  The  stellar  spectra  or  trie  comparison  spectra  may  bo 
brought  to  touch  each  other  by  the  rotation  of  the  screw  Q* 

While  describing  the  method  of  reduction  of  spectrograms  it  was  shown  how 
it  is  possible,  by  moans  of  computations  and  graphic  constructions  to  compare 
two  spectrograms  which  differ  somewhat  in  dispersion,  i.e.  how  to  reduce  them 
to  a  normal  dispersion*  the  latter,  as  is  known,  enables  us  to  shorten  the  work 
on  the  spectrograms.  In  the  speotrooomparator  both  spectrograms  are  made  com- 
parable because  of  a  simple,  but  remarkable  optical  method  which  consists  in 
the  following!  moving  by  the  screw  T,  the  general  part  of  the  microscope  con- 
taining the  eye-glass  and  the  optical  system  glued  together,  we  lengthen  one 
microscope  and  shorten  the  other.  In  this  way  wo  change  the  magnification  of 
each  of  the  microscopes.  Having  selected  the  proper  position  of  screw  V,  wo 
can  obtain  over  a  small  portion  of  the  spectrum  complete  coincidence  of  the 
linos  of  the  comparison  spectra  of  *x»th  spectrograms,  although  in  reality  their 
dispersion  is  different.  If  the  radial  velocities  are  different,  the  stellar 
lines  in  both  spectrograms  will  be  shifted  with  respect  to  each  other. 

The  measurements  by  meens  of  the  spectrooomparator  are  simple  sad  fast. 

The  standard  and  the  investigated  spectrograms  are  both  put  into  one  frame 
under  the  objective,  they  are  focused  and  oriented  in  fche  usual  way  by  means 
of  screws  C]^  and  D2  (see  figure  25,  page  148  in  bockf.  The  handle  H  serves 
to  draw  the  microscope  closer  to  or  remove  it  from  the  frame.  This  often 
facilitates  the  general  focusing  at  the  given  magnification.  By  screw  Q  the 
entire  microscope  is  moved  until  the  basic  or  standard  spectrogram  is  situated 
symmetrically  with  respect  to  the  center  of  the  field.  The  sanw  thing  is  also 
obtained  for  the  spectrogram  under  investigation  by  means  of  screw  0.  Then  the 
two  spectra  will  be  seen  on  the  oomcon  i'ioJ )  In  J.heir  respective  places  (see 
figure  26,  page  149).  Next,  by  rotating  screw  V,  the  line  of  iron  is  made  to 
coincide.  But  In  changing  the  magnification  of  the  microscopes  we  spoil  the 
focusing  which  may  be  corrected  each  time  by  moving  the  objectives.  A  few  such 
consecutive  operations  are  sufficient  In  order  to  obtain,  in  good  focus  a  com- 
bination of  lines  of  the  comparison  spectra  in  a  given  portion.  Having  made 
on  the  head  of  the  micrometer  screw  S  the  reeding  corresponding  to  the  coincid- 
ence of  the  linos  of  the  comparison  spectra,  the  head  is  rotated  again  until  the 
stellar  lines  on  both  spectrograms  coincide.  This  difference  may  be  translated 
into  IdLlometers  by  means  of  a  table  as  was  explained  previously.  Such  com- 
parisons are  made  for  a  large  number  of  portions  of  the  spectrum  by  moving  the 
frame  consecutively  with  handle  K.  All  measurements  are  made  In  the  usual  way 
by  «h*"C*"C  the  positions  of  the  spectrograms  by  180*.  There  must  be  good  and 
uniform  illuminations.  The  basic  or  standard  spectrogram  of  the  Sun  or  some 
star  must  previously  be  carefully  measured  on  the  usual  measuring  instrument. 
Since  all  measurements  are  made  within  several  divisions  of  the  head  of  the 
screw,  it  is  desirable,  in  the  rotation  of  the  plate  by  180*,  to  make  readings 
at  such  a  position  of  the  head  as  differs  by  half  a  revolution  with  respect  to 
the  firat  position,  so  that  the  periodic  error  of  the  screw  may  be  eliminated. 

Translating  ail  differences  of  the  readings  into  kilometers,  it  is  possible 
to  yfilct  the  moan  in  the  usual  manner.  But,  since  the  dispersion  decreases  to- 
ward the  red  portion  and  the  accuracy  thus  diminishes,  it  1*  desirable,  in  the 
formation  of  the  moan,  to  introduce  weights  (far  separate  portion  of  the  spectrum) 


which  are  inversely  proportional  to  the  tranalatory  factor  S  (the  number  of 
kilometers  corresponding  to  a  single  revolution  increases  with  the  wave-length) . 
Let  the  shift,  measured  in  revolutions,  for  the  given  portion  at  the  two  posit- 
ions of  the  spectrogram  bo  di  and  dg,  and  the  moan  value  bo  d-a  ;^~  *-•  In 
kilometer*  it  will  be  dS  with  weight  p  «  ^-  The  moan  for  a  largF  number  of 
portions  will  be 

IjJ          £J,+  ZJl  CM) 

T'  ~~~~* 


lp 


^5  ''*"£)  / 

Thus,  if  we  compute  before  hand,  onoe  for  all,  the  table ,2. 2  '<$  for 
limits  of  portions  covered  by  the  measurements,  the  finding  of  the  mean  velocity 
is  a  simple  matter,  since  it  is  not  necessary  to  translate  each  time  d,  and  d, 
into  kilometers.     If  we  add  to  the  velocity  thus  obtained  the  volooity  of  the 
basic  or  standard  star,  we  shall  then  obtain  the  velocity  sought. 

The  measured  radial  velocities  should  bo  reduced  to  the  Sun,  i.e.  they 
should  be  free  of  the  influence  of  motions  of  the  earth  around  its  axis  and 
around  the  Sun.  As  to  the  second  correction,  it  is  computed  by  the  formula: 


Shi*  formula  gives  the  projection  Va  of  the  volooity  of  motion  of  the  earth 
around  the  Sun  (V*  directed  to  the  point  of  the  ecliptic  0  +  270*  -  i)  on  the 
line  connecting  the  observer  with  the  star  (of  longitude  A  and  of  latitude  ,5  ) 
The  quantities  Va  and  i  are  given  with  the  solar  longitude, Q  as  argument. 
In  formula  (53)  90  -  i  is  the  angle  wUoh  the  radius  -  vector  forms  with  the 
soj^ont  of  the  terrestrial  orbit  at  the  given  point.  The  Correction  Ya  may 
change  within  the  limits  of  *  50.5  to  -  50.5  km. 

The  correction  for  the  rotational  notion  of  the  earth  is  computed  by  the 
formula 

Ta  •  -  0.47  sin  t  cos  8  cosf. 

This  formula  gives  the  projection  0.47  cost7 of  the  velocity  of  the  motion  of  the 
observer  (because  of  the  daily  rotation  the  observer  approaches  the  eastern 
point  of  the  horison)  on  the  lino  connecting  the  observer  with  the  star  (of  de- 
clination I  and  hour  angle  t).  Correction  Td,  which  never  exceeds  0.4  km,  is 
negative  when  the  star  is  wort  of  the  meridian  and  positive  when  the  star  is 
east  of  the  meridian, 

12,  Systematic  and  Accidental  Srrori  in  the  Determination  of  B*dial 
Velocities.  The  stellar  radial  velooities  determined  with  the  aid  of  the  ' 
speotrograph  oontian  inevitably  numerous  systematic  and  accidental  errors, 
and  the  distinction  Ulmsa  the  latter  is  often  impossible.  Small  systematic 
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errors  which  cannot  b«  explioitely  separated  will  enter  the  result  as  aooidental 
errors.  Basically,  the  errors  of  radial  velocities  aro  of  tro  kind*:  1)  errors 
due  to  the  instruments  used  and  2)  errors  connected  with  the  system  of  ware* 
lengths  (  15).  Besides,  some  errors  are  due  to  outside  factors  such  ast  for  in- 
stance,  atmospheric  dispersion. 

One  of  the  errors  of  the  first  kind  is  that  which  is  connected  with  uneven 
illumination  of  the  objective  of  the  oollimator.  When  the  illumination  is  not 
uniform  u  certain  loss  of  light  will  occur  and  it  will  cause  numerous  systematic 
errors  aa  we  shall  subsequently  see.  We  shall  illustrate  this  by  taking  a  some- 
what artificial  case  when  only  half  of  the  objective  of  the  oollimator  is  il- 
luminated by  a  star.  Correspondingly  only  one  naif  of  the  objective  of  the  oaa- 
era  will  be  illuminated  after  the  passage  of  tha  light  through  the  prism.  Let 
us  denote  by  d  the  distance  of  the  center  of  the  oollinator  from  the  center  of 
illuminated  pencil  of  rays.  If  the  length  of  the  ca  era  be  f  and  the  error 
of  the  focus  be  A  f  (the  error  nay  be  caused  by  the  inaccuracies  of  the  setting 
of  the  focus,  of  the  temperature  effect,  or  by  the  flexure,  or  of  the  bending 
of  tha  plate  in  the  plate  holder),  it  may  be  easily  seen  from  figure  27,  that 
the  spectral  line  corresponding  to  a  certain  monochromatic  pencil  of  light  will 
occupy  position  AJ  instead  of  the  normal  position  A.  The  shift  of  line  AA 
or  M  is  equal  tot 
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If  the  objective  of  the  oollinator 
is  illuminated  unifornly,  a  small  deviat- 
ion from  the  focus  courses  a  wash-out  of 
the  spectral  lines,  but  the  positions  of 
the  3ines  remain  unchanged*  Since  the 
objective  of  the  oollimator  is  usually 
illuminated  uniformly  by  the  source  of 
light  producing  the  comparison  spectrum, 
the  position  of  the  lines  of  the  latter 
remain  normal.  In  astronomical  practice 

figure  27  various  degrees  of  uneven  illumination 

of  the  objective  of  the  oollinator  by  a 
star  happen  quite  often,  and  thus  a 

systematic  error  is  introduced.  The  extent  of  such  an  error  can  be  seen  frosi 
the  following  examples  if  we  apply  the  conditions  of  figure  27  to  the  Simeis 
speotrograph  of  one  prisn,  then,  even  for  Af  •  0.2  mm  the  systematic  error  in 
the  determination  of  radial  velocities  is  about  lOKm.  It  is  necessary  always 
to  pay  much  attention  to  this  circumstance,  ibr  the  source  of  many  systematic 
and  aooidental  errors  in  the  determination  of  radial  velocities  can  be  traced 
to  it.  Let  us  enumerate  the  basic  causes  of  the  uneven  illumination  of  the 
objective  of  the  oollimator:  1)  inaccurate  centering  of  the  eolliaator  with 
respect  to  the  telesoope»  2)  the  unsatisfactory  centering  of  the  correction  lens 
in  visual  refractors  with  respect  to  the  objective  of  the  oollimator  as  well  as 
with  respect  to  the  objective  of  the  refraotori  3)  astigmatism  and  spherical 
aberration  in  the  optics  of  the  teles  oope»  4)  the  imperfect  centering  ci  the 
reflector,  producing  an  uneven  distribution  of  brightness  in  the  extra  fooal 
image  which  is  due  to  the  eccentric  position  of  the  little  dark  circle  in  the 
center  caused  by  the  hyperbolic  or  Newtonian  mirror)  5)  the  unevenessin  re- 
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flective  power  of  the  silver  peliole  on  the  mirror*  because  of  uneren  thickness 
and  structure* 

11  these  circumstances,  taken  singly  and  together,  are  the  cause  of  ac- 
cidental as  weirVstematio  •rrors  In  the  determination  of  the  radial  Yelooities 
of  stars. 

Under  certain  circumstances  this  effect  nay  be  so  large  that  the  determin- 
ation of  the  radial  velocities  of  stars  becomes  entirely  impossible. 

To  a  smaller  extent  these  causes  have  an  influence  on  the  contours  of  the 
spectral  lines  in  speotrophotometrio  investigations. 

It  iJtiy  be  seen  from  the  formula  (55)  that  with  uneven  illumination  of  the 
objeotiva  of  the  oollimator  a  distortion  of  radial  velocities  occurs  when  the 
focus  is  not  entirely  accurate.  However,  it  is  possible  that  the  focus  is 
accurate  and  yet  the  radial  velocities  are  distorted.  This  happen*  with  uneven 
illumination  of  the  objective  of  the  oollimator  due  to  the  heterogeneous  struct- 
ure of  the  prism  and  to  other  deficiencies  in  the  prism.  The  latter  produce  an 
abnormal  refraction.  We  may  assume  that  the  entire  prism,  or  part  of  it,  acts 
as  a  lens.  As  a  result  the  radial  velocities  may  be  greatly  distorted,  as  the 
object  ve  of  the  oollimator  is  always  uniformly  illuminated  by  the  source  of 
light  producing  the  comparison  spectrum.  (The  latter  is  easily  obtained).  Be- 
sides, the  spectrum  loses  in  purity  with  such  a  prism. 

Therefore,  before  we  start  a  long  series  of  observations  it  is  necessary  tc 
investigate  the  homogeneity  of  the  given  prisa  (or  system  of  prisms)  and  the  ex- 
tent of  distortion  of  the  radial  velocities  if  the  prism  is  not  entirely  homo- 
geneous. 

*•  have  spoken  previously  of  the  laboratory  method  of  Investigation  of  the 
homogeneity  of  prisms.  How  we  shall  describe  a  practical  method  by  which  this 
effect  may  be  studied.  Having  closed  by  a  semicircular  diaphragm  the  lower  half 
of  the  objective  of  the  oollimator,  the  spectrum  of  the  sky  is  photographed,  and 
the  comparison  spectrum  is  obtained  with  full  aperture  of  the  same  objective. 
Next,  on  a  second  plate  the  spectrum  of  the  sky  is  photographed,  having  closed  the 
upper  half  of  the  objective  of  the  collimator,  and  again  the  comparison  spectrum 
with  full  aperture  is  obtained  alongside.  Comparing  the  relative  shift  of  the 
lines  in  the  sky  spectrum  on  these  spectrograms,  we  may  get  a  conception  of  the 
extent  of  the  effect  of  the  heterogeneous  prism  on  the  determination  of  radial 
velocities  for  uneven  illumination  of  the  objective  of  the  oollimator.  Likewise , 
it  is  possible  to  judge  of  the  effect  of  heterogeneity  of  the  prisa  in  another 
direction  by  closing  alternately  the  right-hand  and  left-hand  half  of  the  object- 
ive of  the  oollimator.  It  is  necessary  at  first  to  make  sure  that  the  focus  is 
accurate  and  then  to  take  a  series  of  photographs  on  both  sides  of  the  focus  in 
order  to  exclude  the  effect  of  the  focus.  If  the  diaphragm  on  the  slit  permits, 
it  is  desirable  to  obtain  side  by  side  two  spectra  of  the  Sun,  one  having  passed 
through  the  upper  half  of  the  oollimator,  the  other  through  the  lower  half. 

In  order  to  be  albe  to  judge  of  the  effect  of  an  erroneous  focus  with  un- 
even illumination  of  the  objective  of  the  oollimator,  we  may  do  as  follows: 
one  plate,  at  the  normal  focus,  we  photograph  the  spectrum  of  the  sky,  bavin- 
Covered  one  of  the  halves  of  the  objective  of  the  oollimator  and  obtaining  th- 

sll  Aperture .  On  the  otber  plate  We  obtain  a  similar 

Tocus  by  about  0.5nc..  e  positions  of  the 

-«.ph  of  the  spectrum  with  the  full  aperture  of  the 
)bjective  of  the  oollimator.  ...11  of  these  photographs  enables  us  to  judge  of  the 
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magnitude  of  the  error  that  we  are  interested  in  for  a  shift  of  fooua  of  0.5m. 
It  is  yet  neoessary  to  add  here  the  photograph  with  the  objective  of  the  oolli- 
•stor  illuminated  by  a  star  (see  above)  In  order  to  get  a  conception  on  the  true 
illumination  of  t..L.:  objective.  Taking  the  latter  into  consideration  it  is 
possible  to  find  the  approximate  value  of  the  error  of  the  radial  velocity  of  a 
st&r  for  the  usual  error  in  the  setting  of  the  focus  of  O.Lna. 

However,  we  must  say  that  even  rith  uniform  illumination  of  the  objective 
o"  the  oollimator  and  with  an  excellent  prism  a  noticeable  systematic  error  in 
the  determination  of  radial  velocities  may  remain,  if  there  be  any  fault  in  the 
focus.  This  may  be  due  to  the  following  two  causes t  1)  the  inclination  of  the 
plate  holder  and  2)  the  difference  in  the  absorption  of  the  prism  between  its 
upper  part  and  its  base.  As  was  previously  said,  a  large  inclination  of  the 
plate  holder  to  obtain  a  considerable  portion  of  the  spectrum  is  required  for 
certain  systems  of  objectives  used  in  cameras,  especially  for  the  aoiss  "Chromt". 
This  inclination  reaches  sometimes  20°  and  more.  For  such  an  inclination  the 
deviation  from  the  focus  leads  to  a  somewhat  asymmetric  form  of  the  spectral 
lines  in  the  stellar  spectrum  as  veil  as  in  the  comparison  spectrum.  However, 
this  effect  will  be  different  for  the  absorption  lines  of  the  stellar  spectrum 
and  for  the  bright  lines  of  the  comparison  spectrum,  and  as  a  result  we  shall  have 
a  systematic  error  in  the  determination  of  radial  velocities.  For  instance,  on 
the  one-prism  Limeis  speotrograph  where  the  inclination  of  the  plate  holder  re* 
aches  22",  a  deviation  from  the  focus  of  0.2mm  leads  to  an  error  of  2.4  Ion. 
The  effect  of  the  uneven  transparency  of  the  prism  also  enters  here.  For  this 
reason  it  is  necessary  to  avoid  such  camera  object iveu  which  require  a  large  in- 
clination of  the  plate  holder.  This  circumstance  is  a  great  deficiency  in  spectre- 
photometric  investigations  of  contours  of  lines. 

As  was  indicated  in  §2  the  absorption  in  a  prism  considerably  increases  to- 
ward the  base,  and,  hence,  if  the  objective  of  the  oollimator  is  uniformly  il- 
luminated, the  objective  of  the  camera  in  the  given  monochromatic  light  will  be 
illuminated  unevenly,  and  if  there  exists  a  certain  deviation  from  the  focus,  then 
the  contour  of  the  spectral  line  will  be  somewhat  asymmetric  even  when  the  plate 
holder  ii.  perpendicular  to  the  axis.  As  in  the  previous  case,  the  character  of 
this  asymmetry  will  be  different  for  lines  of  the  stellar  spectrum  and  of  the 
comparison  spectrum,  and  as  a  result  a  systematic  error  may  occur  in  the  determi- 
nation of  radial  velocities  as  well  as  in  the  study  of  contours  of  spectral  lines. 

The  previously  mentioned  error*  connected  with  the  uneven  illumination  of  the 
objective  of  the  oollimator,  with  th»  inclination  of  the  plate  holder,  with  the 
deviation  from  the  focus,  and  with  other  causes  (which  are  not  often  easy  to  dis- 
tinguish one  from  the  other)  increase  as  is  easily  seen,  with  the  decrease  of  the 
focal  length  of  the  camera,  since  the  same  linear  shift  is  connected  with  the  inc- 
rease of  shift  in  kilometers  as  the  scale  diminishes.  This  is  the  reason  why  it 
is  necessary,  in  photographing  the  stellar  spectra  by  means  of  cameras  of  short 
focus,  to  investigate  carefully  all  the  above-mentioned  effects  which  may  distort 
the  value  of  radial  velocities. 

These  are  mostly  systematic  errors)  however,  accidental  errors  are  also 
possible.  Depending  on  the  focusing  of  a  star  on  the  slit,  en  the  quality  of  the 
image,  on  the  Method  of  guiding,  and  on  other  causes,  it  may  happen  the  uneven 
illumination  of  the  objective  of  the  oolliaator  will  change  from  star  to  star, 
from  one  exposure  to  another.  We  oust  also  keep  in  mind  that  the  systematic 
error  of  this  kind  nay  change  depending  on  the  declination  and  the  hour  angle  be- 
cause of  flexure  in  the  telescope,  because  of  general  flexure  in  the  spectrograph, 
and  because  of  atmospheric  dispersion. 
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In  contemporary  speotrographs  of  systematic  errors  of  this  nature  are  most- 
ly snail,  but  the  uneven  illumination  of  the  objective  of  the  oollimator  to- 
gether with  the  flexure  (especially  in  tinea  pact)  were  the  chief  sources  of  er- 
rors which  sometimes  precluded  the  determination  of  radial  velocities  of  stars. 

Somewhat  different  in  character  is  the  systematic  error  connected  with  the 
imperfect  optics  of  the  speotrograph.  We  shall  speak  now  a  few  words  on  the  so- 
called  ooma-effeot,  It  is  known  that  wide-angled  objectives  having  a  considerable 
field  far  away  from  the  optioal  Mater  produce  a  "coma"  or  a  comet-like  appendage 
the  size  of  which  increases  with  the  distance  from  the  center  (see  the  Introduc- 
tion to  this  course,  <Sl8).  If  we  deal  with  the  spectrum,  we  shall  have  the  ap- 
pendage for  lines  far  away  from  the  center  of  the  spectrum,  in  the  case  of  the 
'coma  effect",  directed  away  from  the  center.  Although  the  determination  of  ra- 
dial  velocities  of  stars  is  of  a  strictly  differential  character,  and  the  lines  in 
the  spectra  of  stars  are  "attached"  to  the  lines  of  the  comparison  spectrum,  the 
oona  will  nevertheless  influence  differently  the  position  of  the  bright  lines  in 
the  comparison  spectra  and  of  the  absorption  lines  in  the  stellar  spectrum.  De- 
pending on  the  position  of  the  line  in  the  spectrum  or  on  its  wave-length,  a  cer- 
tain systematic  error  originates*  Eh  en  such  an  error,  which  depends  on  the  wave 
length,  appears,  its  source  may  be  found*  As  the  "coma  effect",  evidently,  will 
be  the  more  noticeable  the  longer  the  comparison  spectrum  is  exposed,  two  com- 
parison spectra  are  obtained  on  the  same  plate  for  its  investigations  one  is 
somewhat  overexposed,  the  other  is  somewhat  under  exposed*  If  the  relative  mea- 
sures show  a  systematic  dependence  on  the  wave-length,  then,  evidently,  we  have 
to  do  here  with  tee  "coma-effect".  The  dependence  of  the  systematic  error  on  the 
wave  length  may  also  be  due  to  the  inclination  of  the  plate  holder  which  is  not 
difficult  to  detect. 

The  systematic  and  accidental  errors  are  closely  connected  with  the  width  of 
the  slit.  As  was  indicated  in   5  the  widening  of  the  slit  is  a  simple  and  ex- 
cellent device  to  increase  the  light  gathering  power  of  the  spectrograph.  How- 
ever, we  must  take  into  consideration  here  the  posibility  of  decrease  of  the  ac- 
curacy in  the  determination  of  the  radial  velocities  of  stars  with  rebpeot  to  the 
increase  of  the  accidental  and  systematic  errors*  The  decrease  of  the  accuracy 
in  the  determination  of  the  radial  velocities  are  dueto^the  following  causes: 
1)  the  decrease  in  the  purity  of  the  spectrum  P  »  c^*<--f-^  fyWiioh  is  inversly 


proportional  to  the  width  of  the  slit,  see  formula  (4)  of  j>ljdet  ermines  the  dif- 
ficulty in  identifying  the  spectral  lines  and  especially  in  the  increase  of  the 
number  of  "blends"  i.e.  of  lines  superimposed  one  upon  the  other,  2)  because  of 
the  widening  of  the  lines  and  the  decrease  of  their  sharpness,  brightness,  and 
contrast,  the  error  of  measurement  will  increase,  3)  with  a  wider  slit  the  position 
•f  a  star  may  not  be  entirely  symmetrical  with  respect  to  its  edges,  and  this  fact 
Obu<u«s  a  systematic  error,  especially  when  the  exposure  is  of  short  duration.  In 
reality,  the  measuraments  of  the  spectrograms,  obtained  with  slits  of  various 
width,  do  not  show  any  noticeable  increase  of  the  possible  error  of  setting  on  the 
lines  by  means  of  the  increase  of  the  width  of  the  slit  from  0.025  to  0.060,  where- 
as the  gain  in  exposure  is  about  twice  as  much.  However,  the  probable  error  of 
the  spectrogram,  in  general,  increases]  with  a  wider  slit  especially  when  the  ex- 
posure is  of  short  duration.  Assuming  that  a  star  on  the  slit  is  0.01am.  above 
or  below  th«  middle  (which  is  quite  possible  with  a  width  of  0.060mm  of  the  slit, 
with  good  images,  and  with  a  abort  exposure),  we  shall  obtain  a  shirt  of  spectral 
lines  equal  to  0.01  f/f^,  where  f  and  t±  are  the  focal  lengths  of  the  objectives 
of  the  camera  and  of  the  oollimator.  In  long  cameras  f/fj  is  about  0.75,  and 
henoe,  with  the  usual  dispersion  of  the  order  S6A  »  1mm  near  E   the  velocity 
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of  the  star  will  be  distorted  by  a  quantity  of  the  order  of  18km*  Even  with  a 
width  of  0.05  mm  of  the  slit  the  star  nay  be  held  closer  to  one  edge  than  to  the 
other.  In  this  connection  much  attention  should  be  given  to  the  edges  of  the 
slit  whioh  should  be  equally  sharp.  A  slight  difference  in  the  form  of  the  two 
•ogee  may  lead  to  a  systematic  shift  towards  one  edge  thus  leading  to  a  syste* 
matic  error  in  radial  velocities.  The  figure  of  the  stellar  imge,  whioh  in  oase 
of  astigmatism  of  the  mirror  or  objective  will  be  not  quite  circular,  is  also  of 
importance  here. 

Sometimes  there  appears  a  systematic  difference  in  radial  velocities  of  the 
taste  star  depending  on  whether  the  spectrogram  is  obtained  before  or  after  passing 
the  meridian.  This  difference  is  of  the  order  of  0.8km  for  the  speotrograph  at 
the  Lick  observatory.  If  there  exists  a  bending  of  the  tube,  the  objective  of 
the  oolliraator  will  be  differently  illuminated  in  the  eastern  and  in  the  western 
position  of  the  telescope  as  well  as  at  large  and  at  small  senith  distances,  since 
the  image  of  the  illuminated  objective  or  mirror  of  the  telescope  is  projected 
upon  the  objective  of  the  oollimator.  To  be  sure,  the  effect  of  bending  in  the 
telescope  is  difficult  to  differentiate  from  the  effect  of  general  bending  in  the 
speotrograph.  Likewise,  this  effect  at  large  senith  distances  is  difficult  to 
separate  from  the  effect  caused  by  the  atmospheric  dispersion. 

In  instruments  of  long  focus,  even  at  senith  distances  of  45*,  the  image  of 
a  star  baa  an  elongated  form  which  may  lead  to  an  asymmetric  position  of  the  star 
on  the  slit.  In  connection  with  atmospheric  dispersion  there  may  arise  systematic 
and  accidental  errors  of  the  order  of  several  kilometers.  Usually  we  avoid  photo- 
graphing the  spectra  of  stars  for  the  determination  of  radial  velocities  when  the 
senith  distance  exceeds  50-  -  60- . 

We  »*?  onpbasiie  that  errors  of  uneven  illumination  of  the  objective  of  the 
collioator  and  of  asymmetric  position  of  a  star  on  the  slit  increase  as  the  focal 
length  of  the  camera  and  the  linear  dispersion  decrease. 

A  Mall  error  in  the  determination  of  radial  velocities  of  stars  may  be  made 
because  of  the  so-oulled  pole-effect.  This  is  connected  with  the  following  cir- 
cumstance; during  the  burning  of  the  voltaic-arc  the  wave-lengths  of  the  cot*. 
parison  spectrum  change  somewhat  when  the  luminous  pair  are  closer  to  one  of  the 
poles. 

The  accidental  error  in  the  determination  of  the  velocity  depends  on  the 
nunber  of  measured  lines  »nd  on  +heir  sharpness  or  diffusenss. 

It  is  also  necessary  to  keep  in  mind  that  a  large  error  of  the  mean  velocity, 
baaed  on  th*  measurement  of  four  or  five  spectrograms,  is  sometime*  connected 
with  a  real  change  of  the  Telocity  itself  (the  so-called  sp*otrosoopic  binaries 
of  snail  amplitude,  see  part  in  chapter  2). 

The  systematic  error  connected  with  the  personal  equation  of  the  observer 
deserves  our  attention.  For  a  series  of  measurements  made  by  several  observers 
this  error  reaches  0.5-l.Olon. 

Finally,  there  are  many  oases  in  astronomical  practice  when  a  temporary 
systematic  error  arose  due  to  unknown  causes.  Such  an  error  arose,  for  instance, 
at  the  Lick  observatory  in  spite  of  its  excellent  equipment  and  well  trained  ob- 
servers. 

Sonet  iraes  a  systematic  error  changes  with  the  years,  but  it  Is  not  always 
possible  to  trace  its  cause. 

Other  systematic  errors  determined  by  radial  velocities  will  be  investigated 
in  &&20  and  21. 
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The  Effect  of  Temperature*  The  Thermostat.  One  of  the  most  serious 
sources  of  errors  in  astrospeotrosoopy,  especially  In  the  determination  of  ra- 
dial velocities  is  the  temperature  effect.  To  it  are  subject  the  infraction  ef 
rays  in  a  prism,  the  focal  lengths  of  the  lenses  of  the  camera  and  oollinator, 
the  length  of  the  metallic  tubes  of  the  ouraera  and  oolliniitor,  and,  finally  the 
length  of  all  other  metallic  parts  of  the  spnotrograph.  These  changes,  together 
or  separately,  my  cause  large  accidental  errors  if  no  measures  are  taken  to 
natoe  the  temperature  effect  as  small  as  possible.  The  early  determinations  of 
radial  velocities  gave  errors  of  the  order  of  ten  and  more  kilometers  because  no 
measures  were  taken  to  protect  the  optical  and  mechanical  instruments  from  changes 
of  temperature. 

Simply  theoretical  considerations  show  that  in  order  to  obtain  reliable  ra- 
dial velocities  it  is  necessary  to  oreat  a  constancy  of  temperature  in  the  speetro- 
graph  within  the  limits  of  Otl.  The  constancy  of  temperature  mosdl  be  also  main- 
tained in  photometric  investigations  of  contours  of  thin  lines,  sinoe  a  change  of 
only  a  few  tenths  of  a  degree  causes  a  oertain  blur  in  the  lines.  In  the  latter 
oase  the  temperature  changes  are  even  more  dangerous,  sinoe  in  the  determination 
of  radial  velocities,  because  of  the  exposed  comparison  spectrum  (at  the  beginning 
and  the  end  of  the  exposure,  at  least),  we  have  essentially  to  do  with  the  dif- 
ferential temperature  effect,  whereas  in  the  photometry  of  the  lines  the  effect 
enters  fully. 

First  of  all  it  is  desirable  that  the  daily  temperature  fluctuation*  in  the 
dome  be  as  small  as  possible*  This  depends  on  the  selection  of  a  place  and  its 
character,  and  on  the  structure  of  the  dome  and  its  therudo  properties*  It  is 
further  necessary  that  at  the  beginning  of  the  observations  the  temperature  in* 
side  the  spectrograph  be  as  close  as  possible  to  the  temperature  of  the  outside 


air.  The  most  important  thing,  however,  is  the  construction  of  a  good  thermostat 
and  the  proper  functioning  of  the  latter*  The  thermostat  is  a  large,  wooden  (or 
of  other  material)  box  which  includes  almost  the  entire  speotrdgrapb,  leaving 
outside  only  the  very  end  of  the  oollinator  with  the  slit  and  the  contrivance 
for  guiding.  The  thermostat  serve*  for  the  purpose  of  maintaining  of  a  constant 
temperature  in  the  speotrograph.  In  order  to  decrease  the  thermal  conduct! 01  it 
is  desirable  to  line  its  inside  walls  with  felt,  and  to  place  the  entire  thermo- 
stat in  a  sack*  Inside  the  thermostat,  along  its  walls,  a  seriee  of  wires  are 
fastened  on  insulators  so  that  the  electric  current  of  the  usual  electric  light- 
ing system  may  go  through  the  wires*  This  system  of  wires  should  go  through 
many  parts  of  the  speotrograph  in  order  no  maintain  a  more  uniform  temperature 
inside  the  latter.  However,  the  wire*  should  not  oome  close  to  the  optical 
and  metallic  parts  of  the  speotrograph  in  order  to  avoid  direct  radiation.  Two 
or  throe  ventilators  in  the  speotrographs  are  desirable  for  a  more  uniform  dis- 
tribution of  temperature.  Next,  it  is  necessary  that  the  separate  jnetallio 
parts  of  the  speotrograph  of  the  system  supporting  it  (which  are  subject  to  the 
action  of  the  outer  air)  be  eererod  with  folt  or  other  non-oonduotor,  as  other- 
wise harmful  ef foots  may  take  pxaoe  with  temperature  changes. 

If  we  let  the  electric  current  pass  through  this  system  of  thin  wires  (made 
of  a  material  of  groat  resistance  suoh  as  manganese  and  others),  heat  will  be 
generated  inside  the  speotrograph  whioh  will  compensate  the  eoolneos  on  account 
of  the  natural  fall  of  temperature  in  the  dome.  The  constancy  of  temperature  is 
regulated  automatically  by  means  of  one  or  ts«  mercury  thermometers  situated 


usually  near  the  most  important  parts  of  the  speotrograph.  The  mercury  regulat- 
or thermemeter  Bust  be  very  sensitive  (having  •  largo  bulb  contained  in  thin 
vails  and  the  mercury  capillary  should  be  rery  narrow).  In  the  upper  open  part 
of  this  thermometer  a  thin  platinum  wire  is  movable  and  a  platinum  contact  is 
soldered  to  the  lover  part.  It  has  a  connection  with  the  oeroury  in  the  bulb. 
The  entire  thermometer  is  a  part  of  a  chain  of  low  voltage  whioh  automatically 
closes  and  opens  with  a  snail  change  of  temperature,  the  action  of  the  thermos- 
tat is  schematically  represented  in  figure  26. 


The  heat ins  action  of  the  thermostat  depends  on  the  force  of  the  current 
and  on  the  resistanoe  of  the  wire  (o_x  J  *"J4/7,  Hence  the  resistance  of  the  wire 
Y  may  be  oonputed  if  we  know  the  mean  force  of  the  working  current  I.  Since 
the  resistance  oust  be  equal  to  100  ohms  in  order  to  obtain  400  \watfee  with  a 
current  of  two  aapcrs.  Depending  on  the  difference  of  the  temperatures  in  the 
spoetrocraph  and  the  dor*  and  depending  on  the  rate  of  fall  of  night  temperature* 
it  Is  necessary  to  vary  the  heating  action  of  the  thermostat.  This  is  done  in 

following  wayt  a  rheostat  is  inserted  into  the  heating  ohaiiu  This  rheostat 
consists  of  IL  series  of  lamps  connected  in  parallel  by  means  of  whioh  the  foroe 
of  the  current  may  be  regulated*  If,  at  the  beginning  of  the  observations,  we 
close  the  low-voltage  chain,  including  the  relay  by  moving  ti.e  little  platinum 
wire  in  the  mercury  thermometer-regulator,  the  amature  is  thereby  attracted  to 
the  electromagnet.  Thereby  a  break  in  the  high-voltage  beating  chain  is  made, 
since  the  heating  circuit  goes  through  the  armature.  Next,  with  the  constant 
lowering  of  the  temperature,  the  level  of  the  mercury  column  will  tend  to  lower 
and  at  a  certain  moment  the  mercury  will  go  down  from  the  end  of  the  little  rlati- 
am  wire)  a  break  again  takes  place  in  the  beating  ohain,  etc.  During  the  clos- 
ing and  breaking  of  the  high-voltage  chain  the  lamps  go  out  and  get  lighted  again 
and  they  thus  produce  signals  telling  us  as  to  the  action  of  the  thermostat* 
The  mercury  theraoawtor-regulator  should  be  so  sensitive  tuat,  as  the  temperature 
lowers  the  heating  should  begin  in  a  few  minutes*  Otherwise  the  inertia  will  be 
great  and  the  aocura&y  of  the  thermostat  in  maintaining  a  constant  tempereture 
will  be  lowered.  Besides,  a  direct  heating  of  closely  placed  parte  is  dangerous 
during  continuous  action. 


In  order  to  be  able  to  judge  en  the  influence  of  the  temperature  changes 
on  the  radial  velocities,  it  is  possible  to  obtain  the  spectrum  of  the  arc  at 
a  normal  temperature,  and  then,  (without  touching  the  plate  holder)  having  con- 
nected the  thermostat  and  having  moved  up  the  little  platinum  wire,  the  temper- 
ature is  raised  by  a  few  degrees,  next,  the  low-voltage  chain  is  connected 
again,  and  the  thermostat  is  allowed  to  work  automatically  for  more  than  an  hour, 
so  that  wo  may  be  sure  that  the  temperature  in  the  themostat  becomes  quite  oven. 
After  this  a  second  photograph  of  the  voltaic  are  is  taken  on  the  same  plate. 
This  photograph  is  so  taken  that,  having  shifted  the  diaphragm  on  the  slit,  the 
second  photograph  appears  alongside  the  first.  The  same  operation  in  reversed 
order  may  be  repeated  on  the  second  plate,  having  taken  one  spectrum  at  high 
temperature  and  the  other  at  a  lower  temperature. 

Having  measured  the  relative  shift  of  the  lines  and  reducing  them  to  the 
same  degree  of  temperature,  we  shall  obtain  the  nrabe*  that  is  of  interest  to  us. 
Thus,  for  the  Potsdam  5-prism  speotrograph  the  shift  for  1*  is  equal  to  17  km, 
and  for  the  Simeis  1-prlsa  speotrograph  it  is  19  km.  keeping  the  temperature 
within  0^15  we  assume  the  errors  of  2.5  and  5.00  km  respectively.  To  be  suro, 
these  numbers  characterise  the  imvrltsvm  temperature  effect  by  photographing  the 
spectrum  of  the  voltaic  arc  at  the  beginning,  middle  and  end  of  the  exposure, 
we  shall  obtain  the  radial  velocity  with  an  error  of  only  a  fraction  of  the 
values  given  above.  In  general,  we  may  expect  that  the  temperature  effect  la- 
creases  with  the  decrease  of  the  dispersion  for  a  given  number  of  priori*,  since 
the  same  angular  shift  for  a  smaller  dispersion  will  correspond  to  a  larger 
nssrtisr  in  kilometers. 

Speaking  of  the  temperature  effect,  it  is  necessary  to  toko  into  considera- 
tion the  changes  of  refraction  in  the  prisms,  the  changes  in  the  focal  distance 
of  the  objectives  of  the  camera  and  eollimator,  and  the  changes  in  the  length 
of  the  tubes  of  the  camera  and  ooliiautor.  As  was  previously  said  a  change  in 
the  focus  of  the  camera  is  harmful.  The  metal  selected  for  the  tubes  has  such 
a  coefficient  of  expansion  that  the  change  of  the  focus  of  the  objective  is 
compensated.  Brass  is  such  a  material.  The  change  in  focus  is  very  slight  al- 
so when  the  oollinator  is  made  of  stool  and  the  camera  is  made  of  brass. 
(Victoria)* 

Oases  are  known  in  astronomical  practice  where  harmful  thermal  conditions 
were  localized  in  separate  parts  of  the  speotrograph  or  of  its  supporting  parts, 
and  as  temperature  changes  were  taking  place  this  circumstance  created  a  tension 
or  --  shift  in  the  oolliuutor  or  camera  (for  instanoe,  an  increase  in  heat  due 
to  the  observer).  This  effect  may  be  verified  by  artificially  heating  and  cool- 
ing the  suspected  places. 

finally,  the  temperature  effect  has  this  important  consequence  t^at  as  the 
temperature  changes  the  dispersion  unanges  also.  Fbr  instanoe,  for  the  Simeis 
1-prism  spectrograph  we  have  the  following  dependence  between  the  two  mutual 
distances  of  the  following  two  lines t 

t  »  0*         t  -  24» 
4076-4494        12.282mm        12,  3S4mm. 


It  is  neoesaary  to  keep  this  in  mind  in  developing  the  spectrograms  while 
reducing  the  positions  of  the  stellar  lines  and  of  lines  of  the  artificial 
source  of  the  spectrum  to  a  definite  dispersion.  This  is  possible  to  do  by 
•wans  of  corrections  obtained  from  the  comparison  of  the  positions  of  lines 
of  the  voltaic  arc  on  a  given  spectrogram  with  the  corresponding  positions  of 
the  same  lines  on  spectrograms  having  a  standard  dispersion  by  which  "normal" 
were  obtained  ($11). 

4.  The  Prismatic  Camera  and  the  Slitless  Speotrograph. 

5  14.  Prismatic  Oameras.  It  was  shown  in  $  2  that  in  the  process  of  using 
the  usual  slit  spectrograph  there  is  utilised  a  quite  insignificant  part  of  the 
stellar  light,  only  about  2^  in  the  oase  of  a  3-prism  spectrograph.  Besides, 
in  this  oase  it  is  possible  to  photograph  the  spectrum  of  only  one  star  at  a 
time.  For  this  reason  a  photographic  camera  with  the  prism  in  front  of  the 
objective  (the  prismatic  camera)  is  widely  applied  for  widening  the  field  of 
spectral  investigations.  For  the  sake  of  comparison,  let  us  say  that,  by  meens 
of  a  1 -prism  speotrograph  in  combination  with  the  40-inoh  reflector  at  Simeis, 
it  is  possible  to  obtain  the  spectrum  of  a  star  of  770.  (the  dispersion  of 
about  72l  *  1mm  near  By)  with  an  image  of  average  quality  in  70  minutes, 
whereas  a  6-inch  prismatic  camera  of  the  SUM  dispersion  produces  the  spectrum 
of  a  star  1.5  times  as  fast.  The  other  important  advantage  Is  that  by  the  aid 
of  a  prismatic  camera  it  is  possible  to  obtain  on  the  sane  plate  the  spectra 
of  numerous  stars  in  a  region  encompassing  several  degrees. 

However,  for  the  same  dispersion  the  purity  of  spectrum  obtained  by  means 
of  the  usual  speotrograph  is  much  higher.  This  ie  explained  chiefly  by  the 
fact  that  in  the  oase  of  a  prisnatio  oa  era  the  source  is  directly  from  the 
stat£  the  quality  of  the  image  and  the  twinkling  of  the  star  are  shown  in  the 
purity  of  the  spectrum.  On  the  contrary,  in  the  slit  speotrograph  the  source 
of  light  is  the  illuminated  slit  of  the  oollinator,  and  thus  the  purity  of 
the  spectrum  does  not  depend  on  atmospheric  fluctuations.  However,  in  the  oase 
of  the  slit  speotrograph  the  exposure  depends  greatly  on  the  qualities  of  the 
image*  as  we  previously  said  the  exposure  for  the  sane  star  nay  change  within 
the  limits  1:10  for  large  instruments.  The  brightness  of  the  spectra  obtained 
by  ;:.eans  of  the  prismatic  camera  does  not  depend  on  the  quality  of  the  image* 
Unfortunately,  it  is  almost  impossible  to  realise  for  the  prismatic  camera  the 
conditions  of  constant  temperature,  which  fact  lowers  the  purity  of  the  spect- 
rum with  long  exposures.  Finally,  it  is  necessary  to  remember  that  the  purity 
of  the  spectrum  depends  also  on  the  homogeneity  of  the  prism  and  the  quality 
of  its  surfaces,  and  the  latter  usually  gets  worse  as  the  sise  of  the  prism 
increases.  Although  the  large  sise  of  a  prism  helps  to  increase  the  resolving 
power,  this  fact  is  in  part  compensated  by  the  decrease  of  the  factor 
£<j  1,  formula  (2)]  for  large  prisms  are  usually  mad*  of  crown  glass. 

It  is  possible  by  a  proper  inclination  of  the  plate  to  obtain  a  large  port- 
ion$  of  the  spectrum  are  situated  on  a  curve  or  a  straight  line  which  is  some* 
what  inclined  to  the  main  optical  axis.  It  is  evident  that  in  the  prismatic 
camera  it  is  impossible  to  incline  the  plate  holder,  and  therefore  it  is  often 
impossible  to  obtain  as  large  a  portion  of  the  spectrum  in  accurate  focus  as 
is  often  possible  in  a  slit  speotrograph. 


All  these  properties  predetermine  the  different  field*  of  application  of 
the  spectrograph  and  of  the  prismatic  oamera. 

The  parallel  pencil  of  light,  falling  upon  the  prim  of  the  camera,  is 
broken  up  into  a  aerie*  of  parallel  monochromatic  pencils.  !!ext,  the  objective 
of  the  camera  gives  tho  corresponding  image  for  each  mono chromatic  pencil. 
The  linear  dispersion  here,  as  in  the  case  of  the  slit  speotro graph  is  equal  to 
-$r-  z£oo*    *******   i§  th6  M«ullkr  dispersion  (91)  and  F  is  the  focal 
length  of  the  objective.'  A*  F  is  usually  quite  large  in  prismatic  caaoras  (much 
larger  *-.han  in  cameras  of  a  slit  speotrograph),  we  nay  hare  a  prism  oven  of  a 
Mftll  refracting  angle  in  order  to  obtain  the  given  linear  dispersion.  The 
snail  refracting  angle  is  advantageous  from  two  points  of  view:  1)  the  absorp- 
tion decreases  with  the  thickness  of  the  prism,  2)  a  snaller  deviation  from  the 
optical  axis  takes  place  at  a  smaller  refracting  angle. 

In  order  to  obtain  a  given  star  on  the  main  optical  axis,  it  is  necessary 
to  incline  the  entire  camera  at  an  angle  which  ir  determined  in  the  case  of 
minLnua  deviation  from  ^he  formulae: 


(31) 


where  q  is  the  angle  of  incidence,  2p  is  the  refracting  angle  of  the  prism,  h* 
is  the  index  of  refraction,  and  r  is  the  angle  of  deviation.  For  a  large  p  the 
tube  must  be  set  on  a  star  the  declination  of  which  is  different  by  20*  to  SO* 
from  the  star  under  investigation.  This  leads  to  poorer  guiding  because  of  the 
difference  in  the  refraction  between  the  farmer  and  the  latter  star. 

Using  formulae  (36)  it  is  easy  to  compute  the  angular  and  linear  dispers- 
ion when  we  know  p  and  the  index  of  refraction  for  various  rays* 

In  the  prismatic  camera  the  prism  is  also  set  for  the  angle  of  minimum 
deviation  according  to  usual  rules »  however,  it  is  possible  to  do  this  only  for 
stars  which  are  close  to  the  optical  center. 

It  is  necessary  to  widen  the  spectrum  during  photographing.  This  is  most 
frequently  obtained  by  the  acceleration  or  retardation  of  the  motion  of  the 
clock-mechanism.  However,  if  the  worn  gear  of  the  clock-mechanise  has  a  per- 
iodic error,  bands  along  the  spectrum  are  unavoidable,  and  an  irregular  bla 


ing  of  the  spectrum  latterly  takes  place,  especially  when  the  exnosure  is  not 
very  long,   i  more  uniform  blackening  of  tha  plate  is  obtained  if  there  exists 
a  device  for  the  miorometric  shift  of  the  plate  holder  or  the  entire  tube  (by 
several  seconds  of  arc  in  each  5-10  minutes  of  time  depending  on  the  scale). 

Let  us  state  the  basic  formulae  for  thu  prismatic  oarera.  Let  us  imagine 
on  the  plate,  obtained  with  aid  of  the  prismatic  camera,  a  system  of  coordinates 
whose  origin  is  at  the  center  of  the  plate  and  so  placed  that  y-axis  is  parallel 
to  the  rofracti  g  angle  of  the  prism,  and  the  positive  x-axis  goes  into  the 
direction  of  increasing  wave-lengths.  Heart,  1st  us  have  an  ordinary  photo- 
graph of  the  same  region  without  the  prism,  and  1st  the  optical  axis  coincide 
with  the  unrefr acted  normal  ray  (the  normal  ray  is  a  ray  of  that  direction  and 
of  that  wave-length  for  which  the  prism  is  set  at  an  angle  of  minimum  deviat- 
ion! we  distinguish  between  an  unrefracted  ray  before  it  enters  the  prism  and 
a  refracted  ray  after  it  comes  out  of  the  prism).  Let  us  denote  the  coordinates 
on  this  plate  by  f  and^)  in  the  same  way  as  the  coordinates  on  the  plate  with 
the  spectra  are  denoted  by  x  and  y. 
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If  the  dispersion  is  Infinitely  nail,  x  «/  and  y  •  h  Using  the 
constants  of  the  prism,  it  is  possible  to  derive  the  interrelation  between 
these  coordinates  (a  siaple  but  long  derivation  was  Bade  by  Sohwar  csohild)  i 


—  Q  -    . 

The  constants  Q,  P,  A,  B,  C.  D,  E  are  connected  only  with  the  angle  of 
fraction  of  the  prisa  and  the  index  of  refraction,  )l  for  a  definite 
length  (the  norml  wave-length) 


B  --K'^  j  C.  --  )  4-  "R  P-»-  A  ]  D= 

-  J  4-  ^CL^-C-'^~  p  I--  a_  0^  P 


' 


If  is  the  only  constant  which  changes  for  various  wave-lemgths: 

"2^ 


"t~   '  *   1^     ) 

The  constant  M  ney  be  so  interpreted  that  for£  •  M  -  0  (for  a  star 
on  the  optical  axis)  M  •  x,  i.e.  this  is  the  length  of  the  spectrum  from  a 
wave-length,  corresponding  to  the  index  of  refraction  ^\0  to  some  other  given 
wave-length.  It  is  also  said  that  K  denotes  "the  axis  of  dispersion11. 

Although  in  the  derivation  of  the  formulae  (3?)  the  terns  of  the  higher 
order  were  neglected,  these  formulae  are  sufficiently  accurate. 

It  is  necessary  to  keep  in  mind  that  the  dispersion  changes  according  to 
the  position  of  the  star  on  the  plate.  If  K  is  the  dispersion  on  the  main 
optical  axis,  the  dispersion  at  the  pointf,  >\  is  equal  tot 

Is 

•VCC 


Away  fro*  the  main  optical  axis  the  spectra  have  an  inclination  with  respect 
to  fc-axis. 


O) 
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If  we  neglect  the  dispersion  U  in  the  formulae  (37),  then  the  quantities 

(/-  PL  +  A  i  7-  8V)*-6 


•ay  be  interpreted  as  a  relatire  shift  of  the  images  of  the  spectrum  and  the 
•tar.  In  practical  applications  we  also  must  take  into  consideration  the)  cor- 
rections oonneoted  with  the  errors  of  setting  the  prism  and  the  camera.  The 
for      siren  above,  are  applied  in  the  general  form  in  the  solution  of 
certain  problems  connected  with  accurate  determinations  of  positions  of  the 
spectral  lines  on  the  plate. 

The  applicability  of  the  prismatic  camera  to  the  photographing  of  the 
spectra  of  faint  stars  oased  several  attempts  to  be  made  to  use  it  for  the  de- 
termination of  radial  velocities*  for  it  would  have  greatly  increased  our 
knowledge  of  the  motions  of  the  faint  start  (the  ?.dea  T.TJ.S  first  proposed  by 
E.  Pickering).  It  is  necessary  to  keep  in  mind  that  for  many  purposes  it  is 
important  to  know  at  least  the  mean  value*  of  the  radial  velocities  for  groups 
of  stars  if  not  the  individual  values  of  «aoh  star.  It  is  possible  in  many 
oases  to  accept  values  with  a  larger  probable  error  if  we  can  obtain  mean 
values  for  statistical  purposes* 

.Ithough  the  attempts  of  the  application  of  thu  prismatic  camera  for  the 
determination  of  radial  velocities  were  net,  on  the  whole,  successful,  never- 
theless this  method  may  be  of  great  importance  in  the  future.  The  applioation 
of  the  prismatic  camera  to  the  determination  of  radial  velocities  may  develop 
chiefly  in  three  directions:  1)  the  method  of  an  artificial  absorbing  medium 
enabling  us  to  obtain  the  absorption  spectrum  of  this  medium  in  the  spectrum  ef 
stare,  t)  the  reversion  method  baaed  on  the  principle  of  relative  shift  of  two 
spectra  of  the  same  star  by  turning  the  tube,  prism,  or  plate  holder  by  180*  | 
8)  the  method  based  on  the  change  of  the  distance  between  two  lines  in  the 
spectrum  as  a  result  of  the  Doppler  shift. 

In  regard  to  the  artificial  absorbing  medium,  the  applioation  of  filters 
filled  with  a  water  solution  of  Neodymium  chloride,  proposed  by  the  physicist 
Wood,  appears  to  be  full  of  promise.  This  filter  yields  the  line  4272.90,  which 
is  quite  sharp  and  whose  width  is  about  3A,  and  also  a  few  less  suitable  bands 
around  H   The  influence  of  temperature  on  the  wave-lengths  of  this  solution 
is  small. 

In  the  use  of  the  reversion  method  (first  proposed  by  Bale  and  Wadsworth  —  , 
There  are  several  variations),  a  region  of  the  sky  is  exposed  on  the  same  plate, 
or  on  different  plates,  and  in  the  seoond  photograph  the  opeetrvuu  is  turned  by 
180'  (one  of  the  methods  mentioned  above).  Both  spectra  are  pluoed  side  by 
side>  th*  mutual  distances  of  the  same  spectral  lines  for  a  series  of  stars  are 
measured.  If  for  non  saving  stars  this  distance  be  8,  it  will  be  S'  for  a  star 
avwing  along  the  line  of  sight,  and  the  shift  effect  trill,  evidently,  be  double* 
If  we  limit  ourselves  to  stars  near  the  main  optical  axis,  this  distance  is 
equal  to: 


where  a  is  a  constant  depending  on  the  setting  of  the  instrument,  1!  ( /L)  is  the 
double  distance  in  the  epootruv  up  to  a  certain  wave-length  (or  double  dispers- 
ion), and  the  tern 


C>v)  •  -  ^L  •  X 
2T    * 


shows  that  the  shift  is  proportional  to  the  linear  dispersion  ^  to  the  wave- 
length  A  »nd  to  the  velocity  ^  If  we  take  S,  as  the  mean  for  a  large  number  of 
•tars  on  the  plate, 


vher*  v  is  the  mean  radial  velocity  of  the  stars  on  the  plate.  Then,  for  an 
individual  star  we  shall  havet 


This  is  the  equation  of  the  reversion  method.  In  its  practical  application 
it  is  necessary  to  keep  in  mind  that  the  stars  are  often  far  from  the  main 
optical  axis,  and  hence  a  is  not  constant, 

In  general 


where  A,  R,  C,  are  constants,  z  and  y  are  the  coordinates  on  a  plate,  and  g 
depends  on  the  terns  of  the  second  order.  Besides,  ire  should  take  into  con- 
sideration  that  the  dispersion  in  the  various  parts  of  the  plate  is  not  oonstent, 
and,  therefore,  all  S(  should  be  Multiplied  by  a  factor  f  in  order  to  reduce 
then  to  the  dispersion  which  takes  place  near  the  raain  optical  axil. 
Instead  of  (43)  we  shall  have  in  the  general  case; 


S'f     -A  -&  1-Cy 


The  constants  A,  E,  C  nay  be  computed,  if  the  radial  velocities  of  three 
stars  on  the  plate  are  known.  On  the  basic  of  the  known  values  of  the 
oo&stante  of  the  prisa  and  of  the  coordinates  on  the  plate  wo  May  compute  f 
and  g, 

As  to  the  influence  of  the  change  of  tenperaturo  and  of  refraction,  it  is 
usually  taken  into  consideration  in  the  vorldng  out  of  the  problem.  The  re- 
version method  is  very  rarely  used  in  practice,  Sohvarssohild  successfully 
plied  it  to  the  determination  ef  the  radial  velocities  in  the  region  of  the 

and  of  Cygnus.  The  probable  error  of  the  radial  velocity  for  a  pair  of 
ktes  is  equal  to  4-  1.  This  is  evidently  the  •soritmn  accuracy  reached  by 
bhod.  With  the  sar.e  dispersion  the  errors  in  a  slit  speotrograph  will  be 
half  as  large. 
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Th«  reversion  method  ray  be  applied  with  a  somewhat  larger  degree  of 
suoooss  in  the  sear  oh  for  stars  of  variable  radial  Telocity. 

Finally,  let  us  investigate  the  Method  of  determination  of  radial 
velocities  based  on  the  change  of  distances  between  the  spectral  lines  dur- 
ing notion.  According  to  Doppler's  principle  the  shift  of  the  spectral  line 
is  equal  to 


where  v  and  o  -  S.10  kn/seo  are  the  velocities  of  the  source  and  of  light 
respectively  .  Text,  it  is  known  that  the  interrelation  between  the  wave- 
length and  its  position  in  the  spectrum  is  well  represented  by  the  known 
fonsulaj}  11,  formula  (21)J  t 


Differentiating  (21)  and  taking  into  consideration  formula  (48)  we  obtain 


As  'Sis  usually  much  smaller  than  A,  the  linear  shift  of  dx  will  decrease 
with  the  increase  of  the  wave-length  for  the  sane  value  of  v.  This  also  shows 
that  the  distance  between  two  lines  in  the  spectrum  depends  on  the  radial  velo- 
city of  a  star.  It  is  necessary  to  keep  in  mind  that  this  method,  as  well  as 
the  reversion  method,  should  be  used  only  differentially  with  respect  to  a 
group  of  stars,  for  the  distance  between  two  lines  (dispersion)  depends  greatly 
on  the  temperature  at  which  the  photograph  was  taken.  In  practical  application 
the  corrections,  mentioned  above  in  the  discussion  of  the  reversion  method,  should 
be  taken  into  consideration.  For  the  usual  values  of  the  radial  velocities  of 
•tarsi  the  change  in  the  length  of  the  spectrum  is  very  snail.  This  method, 
proposed  in  several  variants  (and  first  proposed  by  Orbinsky)  has  been  used 
still  more  rarely. 

In  general  we  nay  say  that  the  application  of  the  prismatic  oanera  to  the 
determination  of  radial  velocities  was  unsuccessful.  However,  as  improvements 
in  the  various  methods  nay  be  developed,  we  nay  expect  much  progress  in  the 
future,  ill  attsswts  were  made  using  a  moderate  dispersion  at  which  the  pro- 
bable error  is  about  4-  10  fci.  With  a  small  dispersion,  which  nay  be  applied 

he  ease  of  faint  sVars,  we  nay  expect  that  the  error  will  reach  more  than  a 
score  of  kilometers.  This  fact  is  the  chief  obstacle  at  present  in  the  applieat- 

of  the  prismatic  camera  to  the  determination  of  radial  velocities  of  faint 
•tars  even  for  statistical  purposes. 

We  nay  hope  for  better  auooess  in  the  application  of  the  prismatic  saner* 

he  determination  of  the  radial  velocities  of  some  of  the  so-called  unagalaetio 
nebulae  of  very  small  angular  dimensions  and  the  velocities  of  which  are  very 
lar^e  (often  exceeding  1000  kilometers).  The  sane  ste+smsnt  may  be  mads  wilL  re- 
spect to  stars  cf  very  largo  velocities.  The  possibility  uf  application  is 
in  these  oases  on  the  following  considerations:  1)  an  error  of  several  scores 
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or  even  a  hundred  kilometers  may  be  accepted,  for  it  is  only  a  small  fraction 
of  the  velocity  to  be  determined*  2)  In  nany  eases  these  nebulae  are  of  very 
aoall  angular  dimensions  (in  the  clusters  of  nebula*)  and  differ  little  in  form 
frou  stars*  S)  in  the  nebulae  cluster i  the  nebulae  are  so  crowded  that  in  the 
application  of  the  prismatic  camera,  we  shall  obtain  simultaneously  on  a  single 
plate,  with  a  long  exposure,  a  large  number  of  spectra  (see  figure  29),  A  simple 
calculation  shows  that  at  a  velocity  of  10.000  loa.  (which  happens  freouently) 
stance  between  tho  lines  K  and  Hy  will  decrease  by  0.15  ».t  and  uoro,  if 
the  dispoi-sion  is  so  selected  that  for  stationary  star  the  distance  between  these 
linen  is  2ns&« 

If  at  the  present  time  tho  application  of  the  prlnnatic  camera  for  the  de- 
termination of  radial  velocities  is  unsuccessful,  at  least,  for  stars,  the 
prismatic  aauera  is  an  excellent  device  for  the  spectral  classification  of  stars 
and  for  spootrophototnetrio  Investigations*  In  the  realm  of  classification  of 
stellar  spectra  a  great  work  has  beor.  done  by  means  of  comparatively  modest  in  - 
itrucents  at  the  Harvard  observatory.  The  result  of  this  work  is  the  Henry 
Draper  Catalogue  containing  the  spectra  of  225500  stars  (abbreviated  H.D.C.). 
At  present  this  work  is  being  continued  for  faint  stars  (Henry  Draper  Extension). 
The  Earvurd  classification  (see  below)  is  sufficiently  accurate,  as  nay  be  seen 
by  comparing  it  with  snail  catalogues  obtained  with  slr.t  spectrographs. 

The  application  of  the  prismatic  camera  to  photometry  of  tho  continuous 
speotruu  is  of  exceptional  importance,  as  the  spectra  obtained  by  means  of  the 
slit  spoctrograph  are  not  suit&bla  for  tho  purpose.  This  fact  Is  explained  by 
the  following  considerations:  1)  since  there  are  numerous  spectra  simultaneously 
obtained  on  a  single  plate,  the  determination  with  respect  to  the  distribution 
of  energy  in  the  spectra  nay  be  made  swiftly  and  accurately)  2)  the  obtaining 
sinultaneously  of  spootra  of  a  large  number  of  starsi  this  cannot  be  done  by  a 
•lit  speetrographi  S)  the  distribution  of  energy  in  the  spectrum  obtained  by  means 
of  a  slit  speotrograph  nay  be  considerably  distorted  by  atmospheric  dispersion, 
for  on  the  slit  we  can  keep  usually  only  a  portion  of  the  spectrum,  especially 
if  the  Zenith  distance  exooeds  40* .  As  to  the  photometry  of  spectral  lines,  the 
spectra,  obtained  with  the  prismatic  camera  are  less  suitable  than  the  spectra 
obtained  rith  the  slit  speotrograph  for  reasons  mentioned  above  (dependence  on 
the  purity  of  the  spectrum,  and  hence  on  the  contour  and  depth  of  lines  from  the 
quality  of  the  image,  on  the  guiding,  temperature  effect,  etc.)*  However,  the 
first  successful  investigations  in  this  respect  were  Made,  to  be  sure,  during 
the  study  of  spectra  obtained  by  means  of  the  prisraatio  camera. 

3  15.  The  Slitless  Speotrograph.  The  application  of  the  prismatic  camera 
to  very  faint"  stars  meets  a  serious  difficulty  in  that  instruments  of  large 
size  are  required  for  this  purpose*  Accordingly,  it  is  necessary  to  have  a 
prism  of  a  correspondingly  large  slse*  Tho  preparation  of  a  large  good  prism 
is  very  difficult,  and  deformation  of  its  shape  is  almost  inevitable.  For  this 
reason  another  way  for  the  study  of  the  spectra  of  very  faint  stars  was  found* 
This  is  done  by  the  slitless  speotrograph  which  is  constructed  in  two  ways.  In 
front  of  the  focus  of  a  refVeotor  or  refractor  is  placed  a  doubly  concave  or, 
in  general,  a  dispersing  lens  the  angular  aperture  of  which  is  -^  and  equal  to 
the  angular  aperture  of  the  objeotire  or  mirror  of  the  telesoopt  proper*  Having 
placed  the  lens  so  that  its  focus  coincides  with  the  focus  of  the  telescope,  wo 
shall  find  that  tho  converging  pencils  of  the  stars  in  the  field  of  view  will 
become  parallel  after  passing  through  the  scattering  lens,  which  plays  here  the 
role  of  a  slitless  oollinator.  If  the  prism  be  placed  immediately  in  the  path 
of  the  converging  pencil  as  it  obtains  in  an  eye-piece  (ocular)  spectroscope, 
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the  aberration  become*  so  large  that  the  purity  of  the  spectrum  it  very  small. 
According  to  Rayleigh,  the  smaller  the  angle  of  the  cone  of  the  converging 
pencil ,  the  leas  is  the  effect  of  aberration.  The  introduction  of  negative  lens 
in  the  path  of  the  converging  rays  enables  us  to  make  this  angle  as  snail  as  we 
wish  (it  nay  even  be  reduced  to  zero). 

However,  the  lens  itself  causes  some  aberration.  It  can  be  shown  that,  with 
the  usual  angular  aperture  for  reflectors,  only  a  very  small  lense  of  less  than 
1.5ma  in  diameter  may  be  used  as  a  oollimator»  with  a  larger  lens  the  aberration 
will  be  large.  Thus,  the  field  in  this  slit  less  speotrograph  will  be  very  small. 

*•  may  overcome  this  difficulty  in  two  ways.  First,  we  nay  prepare  a  posit- 
ive lens  for  the  objective  of  the  camera,  and  a  negative  lens  for  the  oollimator, 
making  both  of  the  same  material  as  that  for  the  prism  and  having  their  focal 
lengths  equal  but  of  opposite  sign.  Such  a  system  may  be  regarded  with  some 
approximation  as  a  plane-parallel  plate.  Had  the  two  lenses  been  in  contact,  the 
tota*<  eff«ot  of  aberration  would  have  been  reduced  to  sero.  However,  the  com- 
pensation will  be  not  quite  complete,  first,  because  the  lenses  are  separated, 
and  second,  because  the  prism  is  situated  between  them  (it  is  assumed  here  that 
we  deal  with  a  reflector).  But  the  remaining  effect  will  be  very  snail.  Such  a 
system  of  slraplr  lenses  enables  us  to  obtain  a  natisfaotory  field  of  the  order 
of  20*  for  a  metric  reflector  in  the  ratio  of  It 5.  The  great  advantage  of  this 
is  its  great  light~gathering  power,  for  the  losses  from  absorption  and  reflect- 
ion are  very  snail  in  simple  lenses.  Its  deficiency  consists  in  the  limited 
focal  length  of  the  camera  and,  correspondingly,  in  the  selection  of  linear  dis- 
persion. A  good  spectrograph  of  this  H.nd,  made  of  quart*  optical  parts  has  been 
constructed  at  the  Lick  Observatory.  Suoh  a  system  is  especially  suitable  for 
quarts,  for  here  it  is  very  difficult  to  correct  the  aberration  in  any  other  way. 

However,  a  slitless  speotrograph  may  be  constructed  also  without  tne  limit- 
ing conditions  mentioned  above.  If  we  take  for  the  oollinator  an  achromatic 
negative  system  consisting  of  crown  and  flint  glasses,  we  shall  be  entirely  free 
in  the  selection  of  the  focal  length.  It  is  assumed  in  this  case  that  ti.e  ob- 
jective of  the  camera  is  also  achromatic.  It  is  desirable  in  such  a  speotrograph 
to  have  several  cameras  by  means  of  which  we  should  be  enabled  to  obtain  different 
linear  dispersions  and  thus  to  widen  the  field  of  application  of  the  speotrograph. 
It  is  desirable,  however,  to  obtain  a  resolving  power  as  great  as  possible.  Ihe 
latter  may  be  obtained  by  using  two  prisms,  or  at  least,  one  flint  prism  with  a 
refracting  angle  of  about  60*. 

If  svch  a  speotrograph  is  to  be  used  in  combination  with  a  refractor,  it  is 
necessary,  in  the  estimate  of  the  achromatic  system  of  the  oollimator  to  take  Into 
consideration  the  chromatic  curve  of  the  objective  of  the  telescope.  Using  the 
custorrs.ry  formula  for  a  compound  lens  we  may  so  select  the  focal  lengths  of  crown 
and  flint  glass  depending  on  the  difference  of  the  foci  of  the  two  given  rays  of 
different  wave-lengths  (as  a  consequence  of  the  chromatic  curve  of  objective), 

both  of  these  rays  will  come  out  of  the  oollimator  quite  parallel.  This  will 
enable  us  to  obtain  a  large  portion  of  the  spectrum  in  good  focus. 

In  the  slitless  speotrograph  the  condition  of  minimso  deviation  of  rays  in 
passing  through  the  prism  is  maintained  only  for  the  central  star.  The  purity  of 
the  E,-,ec*  rum  diminishes  as  the  distance  from  the  center  of  the  field  increases. 
Besides,  it  is  necessary  to  keep  in  mind  that  in  the  slitless  speotrograph,  when 
a  certain  stellar  field  is  photographed,  tho  rays  of  each  separate  star 


only  a  part  of  the  prl«m  as  they  pass  through  It.  This  circumstance  depends  on 
the  negative  system  from  the  foous  and  angular  aperture  of  the  telescope.  This 
necessarily  lovers  the  resolving  power  and  the  purity  of  the  speetrua  decreases. 
An  objective  with  an  excellent  field  should  be  selected  for  the  camera.  The 

g  eater  the  light-gathering  power  of  a  speotrograph,  the  shorter  the  camera  and 
e  larger  the  angular  aperture,  the  more  difficult  is  it  to  realise.  Besides « 
it  is  evident  that  the  field  should  be  quite  perpendicular  to  the  optical  axis 
of  the  camera, 

The  slitless  speotrograph  as  well  as  the  usual  one,  should  be  contained  in 
a  thermostat.  Serious  attantion  should  be  paid  to  the  mechanical  construction 
of  the  slitless  speotrograph  as  the  problem  of  bending  in  very  long  exposures  is 
of  great  importance.  • 

The  idea  of  constructing  a  slitless  speotrograph  came  from  Wadsworth  and 
Campbell. 

Another  variant  of  the  slitless  speotrograph  may  be  made  only  in  combination 
vith  the  reflector.  In  front  of  the  foous  of  the  main  mirror,  in  the  path  of  the 
?c-!-*4r;ing  pencil,  a  convex  parabolic  mirror  is  placed  the  foous  of  which  should 
coincide  vith  the  foous  of  the  main  oiirror.  In  this  ease  the  reflected  rays  will 
go  back  in  the  form  of  a  par*ll«l  ;>flnoil.  If  the  main  mirror  is  perforated,  we 
ue.-  set  directly  the  prism  and  tho  photographic  camera.  If  the  mirror  is  not 
perforated,  the  parallel  pencil  is  thrown  back,  by  means  of  a  mirror  set  at  an 
angle  of  45*,  to  that  side  where  the  prismatic  camera  is  fastened.  Such  a  speotro- 
graph, which  is  not  quite  as  good  as  that  of  the  first  variant,  was  built  at 
Greenwich, 

The  slitless  speotrographs,  because  of  their  great  light-gathering  power, 
have  a  great  future  in  their  application  to  the  study  of  the  spectra  of  faint 
•tars  and  of  other  very  distant  objects. 

5,  The  Spectral  Classification 

• 

16,  The  Base  of  the  Harvard  Classification.  The  application  of  the  spectro- 
scope to  the  study  of  stars  revealed  so  many  characteristic  differences  in  the 
stellar  spectra  that  a  spectral  classification  became  possible  even  during  the 
stage  of  the  visual  method  of  observation.  Such,  for  instance,  is  Seoohi's 
classification.  The  next  stage  of  development  was  Yog el's  classification  the 
bases  of  which  was  the  principle  of  continuous  passing  from  one  spectrum  to  another, 

A  detailed  classification  of  stars  ms  developed  about  forty  years  ago  by 
Pickering  and  Cannon  at  the  Harvard  Observatory.  The  following  letters  are  used 
for  the  designations  of  the  types  of  spectra:  0,  B,  A,  F,  0,  I,  M,  and  for  greater 
detail  numbers  from  zero  to  9  are  addwl  on  the  right-hand  side  to  the  letters, 
The  original  designations  of  the  sequence  of  spectral  types  followed  the  alphabeth- 
icai  order,  but  subsequently  the  places  of  certain  letters  had  to  be  changed  be- 
cause of  newly  discovered  facts  while  other  letters  were  dropped  out  because  they 
were  based  on  erroneously  interpreted  spectra.  When  this  classification  was  being 
developed,  very  little  wan  known  about  the  factors  which  det3rnine  the  differences 
of  stellar  spectra.  Besides,  in  the  development  of  the  Harvard  classification 
no  theoiVuioal  considerations  whatever  were  taken  into  account.  Therefore,  this 
remarkable  classification  is  a  purely  empirical  one. 


It  should  be  noted  that  the  Harvard  classification  it  based  on  general 

.  the  relative  intensities  and  fora  of  the  spectral  lines  and  not  on  the 
distribution  of  brightness  in  the  continuous  spectrum.  This  assumption  is  correct 
from  the  theoretical  and  practical  points  of  view.  Indeed}  1)  the  interrelation 
between  the  type  of  spectrum  and  the  distribution  of  brightness  in  the  continuous 
spectrum  is  very  oom|(aoated.  We  know  of  oases  in  which  a  star  of  type  B5  shows 
the  saae  distribution  of  brightness  in  the  continuous  spectrum  as  a  star  of  ft 
type,  at  least,  in  the  photographic  and  visual  portion  of  the  spectrum^  2)  even 
if  the  interrelation  between  the  type  and  the  distribution  of  brightness  in  the 
continuous  spectrum  were  very  simple,  the  method  of  classification  based  on  the 
distribution  of  brightness  in  the  continuous  spectrum  would  have  still  been  inac- 
curate for  stars  of  very  high  temperature  (white  stars)  and  very  distorted  by  the 
influence  of  molecular  bands  in  oase  of  stars  of  very  low  temperature  (red  stars) » 
5)  if  in  the  continuous  spectrum  a  deviation  from  the  laws  of  radiation  of  a  black 
body  occurs,  its  various  regions  will  not  yield  identical  results)  4)  from  the 
practical  point  of  view,  the  study  of  the  distribution  of  brightness  in  the  con- 
tinuous spectrum  is  a  complicated  and  protracted  process.  To  be  sure,  a  spectral 
classification  based  on  the  distribution  of  brightness  in  the  continuous  spectrum 
is  in  itself  valuable  and  interesting,  but  a  classification  based  on  spectral 
lines  has  numerous  advantages  over  the  former. 

The  Harvard  classification  has  proven  to  be  an  unusually  practical  one. 
It  has  remained  unchanged  up  to  the  present  with  the  exception  of  the  most  ex- 
treme regions  of  the  spectral  series  (near  0  and  M).  We  are  certain  that  in  the 
future,  when  new  factors  will  appear  and  thoroughly  understood,  a  rational  astro - 
physical  spectral  ola.saifioo.tion  will  be  developed  which  will  exist  side  by  side 

I  empirical  one  and  will  combine  with  the  latter.  But  even  now  the  Harvard 
classification  reveals  certain  facts  of  great  theoretical  importance.  First  of 
all,  the  class if i oat ion  established  the  unity  of  chemical  elements  in  the  stars 
and  on  the  earth.  Next  it  became  clear  that  more  than  99^  of  the  stars  fall  into 
the  classes  B,  A,  P,  0,  K,  and  U,  and  this  consecutive  series  is  linear,  strictly 
continuous,  i.e.  spectra  may  be  always  found  which  are  intermediary  in  character 
between  the  other  two  regardless  of  how  small  the  selected  interval  may  be*  The 
classification  is  also  linear  in  the  sense  that  there  is  only  one  way  to  pass  from 
one  class  to  another.  This  means  that,  if  we  study  the  intensities  of  lines  of 
various  elements  in  stars,  for  instance,  of  type  AO  and  00,  we  can  indicate  only 
one  way  of  passing  from  AO  to  00  for  all  these  characteristics  separately  or 
collectively.  This  shows  that,  apparently,  only  one  essential  factor  (as  we  shall 
see  later,  it  is  the  temperature)  determines  the  changes  in  the  spectrum  in  pas- 
sing from  one  class  to  another.  This  fact  is  of  great  significance  and  it  also 
shows  that  the  differences  in  chemical  composition  of  * Cellar  atmospheres  are 
small»  at  least,  the  possible  difference  in  composition  has  a  much  smaller  in- 
fluence than  the  basic  factor  which  is  the  change  in  temperature.  The  latest  ob- 
servations show  that  a  series  of  other  factors  (as  the  electric  field  in  stellar 
atmospheres,  the  difference  in  the  gravitational  field  ,  the  difference  in  the 
number  of  atoms  of  a  given  element  over  a  unit  of  a  stellar  surface,  rotation, 
etc.)  have  an  influence  on  the  behavior  of  the  spectral  lines.  Nevertheless, 
the  temperature  still  remains  the  dominating  factor  which  determines  that  rigorous 
consistency  which  is  revealed  by  the  Harvard  classification  of  stellar  spectra. 
We  shall  subsequently  say  more  on  this  matter. 
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Before  we  pass  on  to  a  detailed  exposition  of  the  spectral  classification, 
let  us  note  certain  aspects  of  a  general  nature  for  each  of  the  classes  (see 
the  table  of  spectra  on  figure  80,  between  the  pages  172  and  175  in  book) 

The  spectral  classification  begins  with  the  stars  of  type  0,  the  spectrum 
of  which  is  characterised  by  lines  of  oxygen,  ionised  helium,  twice  and  thrice 
ionixed  oxygen,  nitrogen,  etc.  In  passing  to  stars  of  type  B  the  lines  of 
hydrogen  strengthen  while  all  the  other  lines  weaken.  In  stars  BO-B5  the  most 
remarkable  lines  besides  those  of  hydrogen  are  the  lines  of  neutral  helium  and 
singly  ionixed  oxygen  and  nitrogen,  which  subsequently  weaken  and  disappear  in 
AO.  In  stars  of  type  A  hydrogen  reaches  its  marlrnisi  intensity  and  subsequently 
weakens,  although  its  presence  may  be  traced  in  the  most  extreme  spectral  classes. 
Alongside  with  this,  near  B8-AO  appear  lines  of  ionised  metals  such  as  Oa,  !£, 
Fe,  and  others.  In  stars  of  type  F,  and  sometimes  earlier,  appear  lines  of 
metallic  atoms  in  the  neutral  state  (the  so  called  "arc  lines";.  In  stars  of 
type  0  and  X  these  lines  strengthen,  especially  the  so  called  "low  temperature" 
lines  corresponding  to  the  least  degree  of  excitation  of  an  atom*  The  lines  of 
ionised  calcium  reach  here  their  raaxiauB  intensity  and  width,  and  they  remain 
subsequently  almost  unchanged.  Hear  K5  appear  bands  of  titanium  oxide  which 
rapidly  strengthen  in  stars  of  type  U.  Tn  this  class  the  "low  temperature" 
lines  strengthen  still  more  and  lines  corresponding  to  a  stage  of  higher  excita- 
tion weaken. 

Of  late  it  has  become  clear  that  near  G6-K  there  exists  a  certain  branch- 
ing i  1)  the  normal  basic  branch,  which  is  characterised  by  a  developement  of 
titanium  oxide  lines,  passes  into  M  (the  overwhelmingly  large  number  of  stars)) 
2)  a  very  exceptional  branch  of  classes  B-H  characterised  by  a  development  of 
carbon  bonds »  S)  a  very  exceptional  branch  of  class  S  the  distinguishing  character- 
istic of  which  are  the  bands  of  Zirconium  oxide. 

It  will  be  shown  in  part  III  of  this  course,  in  the  chapter  on  ionixation 
(Chapter  S),  that  these  changes  in  the  spectrum  are  thoroughly  explained  by  the 
change  of  the  general  degree  of  excitation  of  atoms,  as  a  result  of  the  fall  of 
temperature  along  the  series. 

§  17 .  The  Spectral  Classification  of  Star**  Let  us  investigate  in  detail 
the  Harvard  spectral  classification.  The  latter  has  been  changed  to  large  ex- 
tent in  regard  to  stars  of  type  0.  There  are  two  groups  of  stars  of  type  0) 
1)  stars  of  type  0  the  spectrum  of  which  shows  exclusively  or  overwhelmingly 
lines  of  absorption)  2)  stars  of  the  Wolf-Payet  type  the  spectrum  of  which  con- 
sists of  bright  (emission)  bands*  For  the  first  group  a  classification  is  in- 
I  troduoed  which  was  developed  at  the  Victoria  Observatory.  The  principle  of  the 
excitation  of  atoms,  especially  those  of  ionised  helium  and  hydrogen,  are  the 
bases  of  the  classification  (00-09).  The  attempt  to  extend  this  principle  to 
the  stars  of  Wolf-Bayet  type  leads,  so  far,  to  no  definite  results. 

00  is  a  hypothetical  class  for  which  no  representative  stars  have  been  found 
as  ye£7  The  temperature  is  so  high  that  all  lines  must  disappear.  It  is  possible 
that  the  nuclei  of  certain  planetary  nebulae  correspond  to  00  (see  the  chapter 
on  nebulae  in  Part  III) 

The  subclasses  01-04  are  left  for  possible  future  predecessors  of  05^  . 
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In  the  subclass  05  the  line*  of  ionised  helium  5412,  4542,  4200,  4026,  3954 
5858,  3815  (the  so  oaTTed^  Puppis  lines)  and  the  hydrogen  line*  are  the  most 
prominent  ones.  The  line  4542  is  approximately  equal  in  intensity  to  0.6  Hy 
The  lines  H**,  4654  and  4642,  are  noticeable.  RepresentatiTei  B.C.  *  55».5950. 

06.  The  lines  of  ionised  helium  hare  somewhat  weakened  the  line  of  neutral 
helium  4471  is  weaker  than  4542.  The  line  Si4"1  K  4089  is  noticeable,  but  it  is 
weaker  than  R++  4097.  Representatives  B.  D.  •  44*  .  5650. 

07.  He  4471  is  more  intensive  than  He*  4542  which  in  turn  is  approximately 
equal"!  >  0.4  Hy  IT**  4097  reaches  it  maximum  intensity.  The  tripletO**  is  notice- 
able. Representative:  9  Saggittae. 

08.  He  4471  is  twice  as  intense  as  He*  4542.  The  lines  of  Si***  and  of  K** 
are  of  equal  intensity.  The  triplet  C**  is  strengthened,  Ifc*  4481  appears.  Re- 
presentative] \  Orionis . . 

09.  Si***  4089  and  4116  reach  their  maximum.  Si**  4552  and  4568  appear. 

Mg*  strengthens.  0**  5962  and  5562  are  very  noticeable.  The  helium  lines  strength- 
en. Representative}  10  Laeertae 

The  Harvard  classification  Oa,  Ob,  Oc,  Od,  based  on  the  study  of  bright 
(emission)  bands,  is  preserved  for  stars  of  Wblf-Rayet  type. 

Oa.  The  bright  band  near  4650  is  the  most  outstanding  one.  Hv  -H5  are  also 
of  an  emission  character.  Other  bright  bands  are  also  noticeable.  Representatives 
B.D.  *  35«  .  4013. 

Ob.  A  wide  bright  band  near  4686  is  the  most  characteristic  aspect.  H^  end 
Ey  amPbhe  lines  of  ionised  helium  (series  of  C  Puppis)  are  bright.  Representat- 
ive: B.D.  +  55*  .  400. 

Oo«  The  bands  are  narrower  than  in  Oa  and  Ob.  Two  bright  lines  4686  (He*) 
and  4628  (the  latter  consists  of  two  lines  N*  4684  and  4642)  are  noticeable. 
4686  is  twice  as  bright  as  4658.  The  lines  of  hydrogen  and  of  series^  Puppis 
are  bright.  Representatives  B.D.  «•  56*  .  5987. 

Od.  All  lines  are  absorption  lines  except  4686  and  4638.  The  lines  of 
absorption  of  the  series^  Puppis  are.  very  noticeable.  A  very  weak  line  of  He  , 
4471,  appears.  Representatives: £  Puppis  and  /  Cephei. 

Such  a  classification  of  stars  of  type  0  was  accepted  at  the  co.rrsntion 
of  the  International  Astronomical  Union  in  1928.  A  somewhat  different  classi- 
fication of  stars  of  type  0  was  developed  by  Kiss  0.  Payne  in  1928  at  Harvard. 

There  is  no  distinct  separation  between  the  stars  of  the  TTolf-Rayet  group 
and  those  of  05-09.  If  in  the  spectrum  of  a  star  of  the  latter  group  certain 
lines  are  observed  in  "emission",  the  letter  e  is  added.  For  instance  08e.  If 
in  the  stars  of  the  same  group  a  characteristic  of  the  Wolf-Hayet  stars  is  ob- 
served. th«  let*-rs  ew  or  ew!  are  added  (when  these  characteristics  are  especially 
noticeable)  for  instance,  07 ow  or  06ewJ  .  If  it  is  desirable  to  show  the  ex- 
istence in  the  spectrum  lines  of  absorption  as  well  as  lines  of  radiation,  the 
following  designations  ar«  permissible:  Y  Telorum  06ew!a. 

Let  us  pass  on  now  to  the  following  classes  which  are  characterised  by  ab- 
sorption lines  (the  intensities  are  on  an  arbitrary  scale). 

BO.  The  lines  of  hydrogen  strengthen,  and  the  series^  Puppis  weakens.  C** 
4647  and  4650  are  very  noticeable.  The  triplet  0+  4070,  4072,  4076  strengthens. 
The  lines  Si***  4089,  4116  reach  their  •snrliMU  The  helium  lines  1026  and  417J 
are  of  equal  intensity.  The  line  4650  is  more  noticeable  due  to  the  "blend"  of 
the  lines  0  and  C.  Representatives  £  Orionis. 
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Bl.  The  hydrogen  lines  may  be  traced  up  to  H^-.  The  series  £  Puppis  is 
hardly  noticeable.  The  lines  of  helium  are  more  intense  and  the  lines  of  Si  and 
0  are  less  intensive  than  in  BO.  The  lines  Si"1"*  f  4552,  4568,  4574  reach  their 
maximum.  Representative:  p  Canis  Majoris. 

32.  The  lines  of  helium  reach  their  maximum  intensity  in  B2-B3.  The  lines 
of  Si"  r  and  0*  are  much  fainter.  Representativei  y  Orionis. 

B5,  The  lines  of  hydrogen  strengthen.  The  helium  lines  are  at  a  maximum  as 
in  B2.  This  is  especially  emphasised  by  the  disappearance,  or  extreme  weakening, 
of  oxygen  and  silicon  lines.  The  helium  lines  3820,  4009,  4026,  4144,  4388,  4471* 
and  4922  are  especially  prominent*  Representative:  77" ^Orionis 

35.  The  line  k(Ca+)  becomes  noticeable.  Another  line  of  Ca+,  H  is  blended 
with  !   under  small  dispersion.  The  double  line  S*  4128  and  4151  is  noticeable, 
which  is  intermediate  in  intensity  between  the  lines  He  4026  and  4471.  Kg*  4481 
is  approximately  equal  in  intensity  to  0.7  %  Representative:  9  Tauri 

B8.  4026  and  4471  are  very  noticeable.  Kg*  4481  is  approximately  equal  to 
4471.  K  is  weaker  than  4026.  Sometimes  lines  of  ionised  metals  appear.  Re- 
presentative: j3  Fersei. 

B9.  The  spectrum  is  almost  the  same  as  for  the  following  subclass  AO  with 
the  exception  that  line  4026  is  noticeable,  and  line  k  is  weaker  than  in  AO. 
Representatives  7>  Aquilae. 

AO.  The  hydrogen  lines  are  at  their  maximum,  or  almost  at  their  maximum  of 
intensTty.  Line  K  is  approximately  equal  in  intensity  to  0.1  H6.  The  line  HfCa+) 
is  separated  from  H£  if  .he  dispersion  is  sufficiently  great.  The  line  4481  is 
the  most  prominent  after  that  of  hydrogen  and  K,  Metallic  lines  are  often  notice- 
able. The  lines  4128  and  4181  are  noticeable.  Representative!  1  Canis  Uajoris. 

A2.  K  is  equal  in  intensity  to  0.3-0.5  H6.  The  lines  Mg*  4481,  Ca  4227,  and 
Fe+  4233  are  very  noticeable.  The  lines  of  helium  entirely  disappear.  Representative: 
6  TTrsae  Majoris. 

AS.  Intensity  of  line  k  is  approximately  equal  to  0.8  H8.  The  metallic  lines 
are  more  numerous  and  Intense  than  in  A2.  Representative:  ct  Piscium 

A5.  The  line  K  is  more  intense  than  H8  and  is  almost  equal  to  H  *  H   .  The 
intensTty  of  the  hydrogen  lines  somewhat  diminishes.  The  line  Kg*  4481  is  not 
prominent.  The  lines  near  4300  whose  origin  is  due  to  Fe*,  Ti+,  and  Fe  are  notion- 
able.  Representative:  Trianguli. 

FO.  The  hydrogen  lines  are  twice  as  weak  as  in  AO.  K  is  equal  to  H  *  H 
and  iTii  thrice  as  intense  as  H8.  The  lines  of  Fe,  Ca,  and  Ti  near  4305-4309, 
forming  the  so  called  G-band,  are  weak*  Representative.  8  •eminorum. 

F2.  The  spectrum  is  the  same  as  in  FO.  Because  of  the  strengthening  of  the 
Iines~3s05  and  4315  the  0-band  becomes  continuous.  Representative:   Sagittarii. 

F5.  The  hydrogen  lines  are  twice  as  intense  as  in  the  spectrum  of  00.  The 
line  TST  4227  (g)  standout  prominently  among  others.  Fe  4326  is  approximately 
equal  to  0.1  H  ,  The  "blend"  of  lines  near  4309  is  more  intense  than  the  "blend" 
near  4315.  The  Q-band  appears  continuous  from  4299  to  4315.  There  are  few  met- 
allic lin*«.  Representative:  a  Can.  Minoris. 

F8,  It  is  intermediate  between  F5  and  00  as  to  the  strength  of  the  hydrogen 
linesT"  Certain  metallic  lines  are  somewhat  weaker  than  In  GO. 
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00.  The  hydrogen  line*  are  not  prominent  any  more,  Hy  is  1  1/2  tinea 
aa  intense  aa  Fe  4326  and  approximately  5  times  aa  intense  aa  4528.  The  "blend" 
near  4077*  H6  and  422?  are  almost  of  equal  intensity.  The  wide  linea  of  H  and 
K  are  the  moat  prominent.  The  continuous  apectrum  shows  leas  intensity  from  Er 


to  Ef  Kepreaentatireat  a  Aurigae  and  the  Sun. 

05.  The  hydrogen  linea  are  weaker  than  in  00.  Hy  ia  fainter  than  Fe  4S26. 
The  lines  Si  3905  and  4105  are  at  their  wajdLmura  intenaity.  The  fading  toward  the 
Tiolet  end  ia  very  noticeable.  Repreaentative:  9C  Geiminorura. 

ID.  The  hydrogen  linea  are  weaker  than  in  05.  Hyia  equal  to  half  of  4326. 
The  line  Oa  4227  (g)  ia  almost  thrice  aa  intense  aa  in  GO.  The  wide  linea  of 
E  and  K  reach  their  znaximia  intenaity.  The  continuous  G-band  from  4299  to  4515 
ia  more  noticeable  than  the  line  4227  (g).  Certain  portions  of  the  •peotrum  aunh 
aa  4077-H5,  4215-4227,  4470-4525,  4614-4698  are  brighter  than  the  neighborly 
linea.  Fading  in  the  continuous  spectrum  from  Hy  to  H£  ia  very  noticeable. 
Repi'eaentatiret  a  Boot  is. 

K2.  The  apeotrum  ia  similar  to  K5.  Certain  linea,  4227  for  instance,  atrength- 
en.  A  great  decrease  in  brightneaa  of  the  continuous  spectrum  toward  the  short 
wave-lengths  occur.  Representative?^  Cancri. 

SB.  The  moat  outstanding  linea  are  H,  K,  and  g.  The  G-band  ia  no  longer 
continuous*  The  two  "blenda"  Fe  4385-5  and  Fe-Va  4405-08  are  very  r-Maoable  of 
which  the  first  ia  the  more  intense.  The  molecular  titanium  bands  are  beginning 
to  appear  near  4761,  H^  4955,  and  5167*  Representative:  a  Tauri. 

The  Harvard  classification  ia  used  for  stars  of  type  T'j  in  addition  the 
Mount  Wilson  observatory  has  developed  a  classification  based  exclusively  on  the 
evaluations  of  the  intensity  of  the  titanium  oxide  bands.  This  classification 
oonsiata  of  10  aubdiviaiona:  MO,  Ml,  M2  ...,  l!9.  The  laat  three  subdivisions 
are  essentially  for  variable  stars. 

The  Harvard  classification  of  stars  of  type  M(lfa,  1Kb,  Mo,  Md)  remained  un- 
changed} only  instead  of  Ma,  Mb,  Me  it  is  recommended  to  write  MO,  13,  1.3,  and 
instead  of  Md  it  is  desirable  to  use  the  symbols  MOe,  Hie,  H2e  ,...L8e. 

MO  or  Lia.  The  cost  intense  bands  of  titanium  oxide  begin  at  4762,  4954, 
5168/T445.  The  apeotrum  ahows  bright  intervals  at  4556-4586  and  4657-4668. 
Because  of  the  weakneaa  of  the  continuous  spectrum  in  the  violet  part,  H  and  E 
are  almost  invisible  with  a  normal  exposure.  The  line  da  4227  (g)  is  the  most 
prominent.  The  linea  of  the  G-band  are  well  separated,  and  the  line  Fe  4515  ia 
very  weak.  Representative:  a  Orionia. 

MS  or  Mb.  The  edges  of  the  absorption  bands  of  titanium  oxide  become  quite 
intense  and"They  appear  as  bright  bands.  The  line  of  Ca  4227  is  very  wide  and 
intense.  In  place  of  the  G-band  are  seen  only  "blends"  near  4300  and  4506. 
Noticeable  bright  bends  are  observed  near  4556-4586  and  4614-4726.  On  pan* 
chromatic  plates  are  noticeable  numerous  absorption  bands  of  titanium  oxide  with 
edges  near  5765,  5816,  5857  and  others.  Representative  i  j°  Peraei, 

MB  or  Mo  The  continuous  spectrum  weakens,  and  the  edgea  of  the  bands  become 
•ore  ITrbenscTthan  in  MO  and  133.  The  bands  of  titanium  oxide  strengthen.  Re- 
presentatives W.  Cygni. 

JJOe,  Ide,  Iffie  ....  Lfce  or  ljd«   The  spectra  are  those  of  atara  of  the  type 
V,  bu¥7**~IettB^»  °nc  ofTEe  hydrogen  linea  ia  an  eniaaion  line.  The  spectra  of 
this  subgroup  differ  in  details.  Moat  of  the  long  period  variable  are  in  this 
group.  Piepresentatives:  ~X_Oygni  and  0  Ceti. 


RO.  The  distribution  of  intensity  in  the  continuous  spectrum  is  almost 
the  Muue  as  in  06  or  E30.  The  E  and  K  lines  are  clearly  risible.  The  dark 
carbon  band  near  4700  is  very  wide  and  intense.  The  dark  "blend"  near  4595 
(probably  the  origin  is  due  to  Ti+,  Va+,  and  Fe)  is  approximately  equal  in 
intensity  to  the  a  band.  The  lines  Oa  4227,  Fe4234,  4236,  and  4259  are  quite 
prominent.  There  are  certain  stars  which  should  be  regarded,  from  the  character 
of  their  spectrum,  as  intermediate  between  K  and  RO.  Representative t  S.D.  -  10* 
.  5057. 

£_.  H  and  K  are  noticeable  but  they  are  weaker  than  in  RO.  The  continuous 
spectrum  of  H  toward  the  short  wavelengths  is  almsot  twice  as  weak  as  in  RO. 
Representative:  B.C.  +  5°  .  5225. 

E5.  The  continuous  spectrum  f  4240  toward  the  short  wavelengths  is  hardly 
visible  on  photographs  of  normal  exposure*  We  nay  note  three  regions  of  notice- 
able intensity  near  4300,  4400,  and  4840.  The  relative  brightness  is  3,  6,  and 
10.  Representative:  S.D.  -3°  .  1685. 

R6.  The  continuous  spectrum  is  very  faint  from  4240  toward  the  shorter 
wavelengths.  Representatives  3.D.  +  61*  .  667. 

NO  or  Na.  The  spectrum  between  4240  and  K  is  much  weaker  than  in  R8.  The 
brighlTwide'Tands  mentioned  in  R5  near  4300,  4400,  and  4840,  are  also  in  HO, 
(the  relative  intensities  are  0.8  and  10).  Representative:  19  Pisoiun. 

E3_  or  Nb.  The  relative  intensities  of  the  three  regions  mentioned  above 
are  respectively  0.6  and  10.  Representative-  B.D.  +  67°  .  350. 

S.  To  this  class  belong  certain  long  period  variables  and  other  red  stars 
which~~eannot  be  placed  in  M  or  R  or  N,  Absorption  bands  of  zirconium  oxide 
are  noticeable  near  4650  and  6470.  The  spectrum  between  4500  and  4700  is  very 
complex  having  numerous  absorption  and  emission  lines.  Most  stars  of  class  s 
have  bright  hydrogen  lines. 

The  above  classification  of  stars  is  based  on  the  study  of  the  portion  of 
the  spectrum  between  3900  to  5000  A.  It  is  desirable  to  add  to  it  the  character- 
istics of  the  ultraviolet,  red,  and  infrared  regions. 

Figure  30  shows  the  characteristic  spectra  of  stars  of  various  spectral 
•lasses. 

£.18.  A Preliminary  Spectral  Classification  of  Nebulae  and  Tfovae.  The  spectral 
classification  of*  gaseous  nebulae  and  novae  stands  somewhat  apart.  There  exists 
the  old  Harvard  classification  for  the  nebulae  spectra  consisting  of  a  series  of 
bright  lines.  Besides,  Miss  Payne  has  recently  attempted  to  build  a  rational 
classification  of  gaseous  nebulae  in  the  light  of  Bora-en's  discovery  of  the  identi- 
fication of  nebular  lines. 

In  the  old  classification  the  following  subclasses  exist i  Pa,  Pb,  Po,  Pd, 

Pe,  and  Pf . 

Pa.  The  double  line  3726,  5739  is  more  prominent  than  the  main  nebular  lines 
6007  and  4959.  Representative:  I.C.  418  (Dreyer's  Index  Catalogue  of  nebulae). 
Pb,  The  lines  5007  and  4959  are  more  interc.J  .  Representative:  The  Orion 

bebulaT" 

PC.  The  line  4?«S  i*  the  most  prominent.  Representative:  1.0.  49£  f  . 
ST.  The  line  5007  is  the  w>st  prominent.  Representative:  K.O.C.  6826 
(H.G.7Jr~is  Dreyer's  New  General  Catalogue). 

Pe.  It  differs  from  Pd  by  the  appearance  of  line  He*  4686.  Representative  t 
,0.  C7~7662. 
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Pf .  The  emission  (bright)  bond  near  4650  (probably  due  to  Carbon)  Is  the 
most  characteristic  part  of  the  spectrum.  Representative:  H.O.C.  40. 

In  Miss  Payne's  new  classification,  which  is  not  yet  very  widespread,  new 
symbols  are  Introduced:  PO,  PI,  P2  ....  P10.  In  the  early  subdivisions  the 
lines  5007  Nj  and  4952  H2  (0**)  are  relatively  very  bright.  In  P8  these  lines 
disappear  and  the  line  0*-  3729  as  well  as  those  of  hydrogen  remain.  In  P9  we 
have  emission  lines  and  a  continuous  spectrum,  and  In  P  10  we  have  the  continuous 
spectrum  alone  (possibly  with  some  absorption  lines).  The  spectral  class  of  the 
nebula  which  shines  with  reflected  light  is  denoted  by  the  inclusion  of  the  sp- 
ectrum of  the  star  In  parentheses,  as  for  instance  P10  (B5).  The  old  Harvard 
classification  as  well  as  that  of  Miss  Payne  are  preliminary  classifications. 

As  to  tdie  spectral  classification  of  novae,  there  exists  a  preliminary  scheme 
by  means  of  which  we  may  encompass  the  observed  oases.  The  following  subclasses 
are  differentiated: 

Qa.  An  absorption  spectrum  consisting  of  weak  lines  and  faint  emission 
bands. 

gb.  The  absorption  lines  are  stronger,  many  of  them  are  doubles)  the  emission 
lines  are  more  noticeable. 

Qp.  A  spectrum  of  absorption  of  atoms  f»f  »%e«s-  of  0,  N,  He,  and  of  other 
elements.  There  are  emission  lines  of  the  same  elemcmts. 

Qu^WLde  "nebular"  bright  bands  near  3480,  4515,  4640,  sometimes  they  appear 
also  near  4579.  Other  radiation  also  appears. 

Qx.  Bright  bands  which  are  due  to  ionized  oxygen,  nitrogen,  and  helium. 
Weak  absorption  lines. 

j^_.  The  same  as  in  Qx.  In  addition  there  are  bright  nebular  bands. 

2SL»  Bright  nebular  lines.  Weak  bands  characteristic  of  the  Wolf-Kayot 
type  of  stars. 

Intermediate  stages  are  denoted  by  an  additional  letter.  For  instance: 
Qbo  or  Qcb,  depending  on  whether  Qb  or  Qo  predominates. 

The  Harvard  classification  of  stars  Is  accepted  everywhere.  However, 
observatories,  where  spectral  investigations  are  carried  on  by  noun*  of  slit 
tpectrographs,  evaluate  the  spectra  independently,  but  they  do  so  on  the  bases 
of  the  Harvard  classification.  For  instance  Mount  Wilson  gives  a  more  detailed 
gradation,  so  that  such  denotations  as  77,  Gl,  04,  K4,  etc.  are  found  there) 
the  Victoria  Observatory  introduced  the  line  4227  ae  a  criterion  for  the  sub- 
division of  stars  from  K5  to  1C.  Occasionally,  systematic  deviations  obtain 
between  spectral  classifications  based  on  the  evaluation  of  spootra  obtained 
with  the  objective  prism  and  those  obtained  with  the  slit  speotrograph.  For 
Instance,  this  occurs  near  AO,  as  the  chief  criterion  here  is  the  thin.  K  line, 
the  form  of  which  depends  on  one  hand  on  the  resolving  power  of  the  speotrograph 
and  its  dispersion,  and  on  the  other  hand,  on  the  exposure  of  the  spectrogram, 
wLoreas  the  given  region  In  the  oase  of  a  slit  speotrograph  Is  often  under- 
exposed. 

M9.  Symbols  Denoting  the  Various  Character! sties  of       Spectra. 
The  uarvard  Classlfloation  Indicates  the  exact  positions  oft  stars  in  the  series 

of  0,  i,  A,  F Although  a  rational  physical  classification  has  not  yet 

been  developed,  but  from  early  times  new  symbols  were  added  to  the  old  ones,  end 
these  new  symbols  were  used  to  illustrate  the  form  of  the  linos  and  even  certain 
physical  characteristics  of  the  spectrum.  The  classification  developed  by  llss 
iaury  at  Harvard  is,  perhaps,  the  first  attempt  in  this  dlreation. 
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First,  let  ua  note  the  effect  of  the  absolute  magnitude.  Three  groups  of 
stars  are  differentiated.  1)  Very  bright  stars  or  "super ".giants.  In  this  case 
e  is  placed  in  front  of  the  capital  letter  B.  A  ....  These  stars  are  also  called 
"o-stars".  In  stars  later  than  those  of  AO  the  lines  of  hydrogen  and  of  ionized 
metals  are  unusually  intense.  Oa  4227  is  abnormally  weak  when  compared  with  Hy 
or  Sr*  4215.  In  general,  all  lines  ara  very  thin  and  sharp.  The  o-oharact eristic 
is  not  used  earlier  than  30.  Representatives:  ^Canis  Majoris  Is  a  oBl,  a  Persei 
is  a  eF5,  a  Soorpii  is  a  oMO.  2}  Ihe  letter  g  serves  for  the  designation  of  stars 
of  large  absolute  magnitude  (gianto)  of  types  FO-M  in  -which  the  lines  of  oxygen  and 
of  ionized  metals  are  too  intense  for  a  given  class,  and  the  lines  corresponding  to 
a  low  degree  of  excitation  are,  on  the  contrary,  weaker.  For  instance,  Sr*  4077, 
4216  and  Ti+  4290  are  intense  for  F.  Sr*  4077,  4216  are  intense,  and  Ca  4227,  4435, 
and  4456  are  weak  for  0,  K,  and  M.  Representatives;  a  Bootis  is  a/gKO  or  ^Soorpii 
is  agFO.  3)  The  letter  d  serves  for  the  designation  of  stars  of  small  absolute 
magnitude  (the  so  called  "dwarfs")  of  types  FO-M.  The  ratio  between  the  intensities 
of  the  lines  of  the  ionized  atoms  and  those  of  neutral  atoms  is  approximately  the 
inverse  of  that  for  the  "giants".  Representatives:  a  Canis  Minoris  is  adFS,  70 
Ophiuohi  is  adXD. 

No  symbols  for  the  designation  of  the  effect  of  absolute  magnitude  for  stars 
of  type  0,  B,  A  has  yet  been  developed. 

It  should  be  noted  that  a  spectral  classification  for  "giants"  may  differ 
somewhat  from  a  classification  for  "dwarf"  K5  is  approximately  midway  between  KD 
and  MO,  whereas  the  "giant"  K5  is  oloser  to  HO. 

As  to  the  width  of  lines  the  characteristics  n  and  s  are  used  (n  «  nebulous, 
•  •  sharp). 

These  letters  are  added  to  0,  B,  A,  F  at  the  end,  n  corresponds  to  wide  and 
washed-out  lines,  whereas  s  corresponds  to  sharp  and  narrow  lines.  In  the  o-stars 
the  lines  are  always  understood  to  be  very  sharp. 

If  in  the  stellar  spectra  are  observed  emission  lines,  i.e.  bright  lines,  the 
letter  e  is  added  to  the  usual  dai-ignations,  except  in  those  oases  in  which  the 
emission  is  normal  as,  for  instance,  in  stars  of  type  0,  P,  and  Q.  If  the  emission 
lines  in  the  center  are  noticeably  reversed,  the  symbol  er  is  used.  If  the  emission 
lines  have  an  absorption  line  on  the  violet  side  we  add  the  symbol  eq.  Thus,  P  Cygni 
is  designated  as  B4eq.  The  lines  of  the  Balmer  series  are  sometimes  represented 
in  the  spectrum  as  bright  lines,  and  their  brightness  diminishes  rapidly  as  the 
distance  from  Ha  increases.   In  this  case  the  letters  a,     show  which  of  these 
bright  lines  is  the  last.  For  instance  for  a  Cygni  we  use  the  symbol  A2ea. 

In  the  case  where  a  star  is  peculiar  in  some  way  the  letter  p  is  used  (p  » 
peculiar)  and  it  characterises  the  preceding  symbol:  For  instance:  B2pe  corresponds 
to  a  star  having  peculiariaties  in  the  lines  of  the  absorption  spectrum,  and  B2ep 
corresponds  to  a  star  having  peculiarities  in  the  emission  lines. 

Compound  spectra  are  usually  denoted  by  two  letters  connected  by  the  plus 
sign»  for  instance:   (KD+B9). 

If  in  the  spectrum  of  a  star  a  certain  element  is  abnormal  or  is  not  identified, 
it  is  desirable  to  designate  it  separately  in  parentheses^  for  instance  a  Andro- 
medae  is  AOp  (Wn+,  Uh).  This  denotes  that  in  this  star  the  ionized  Mn  is  abnormal 
and  that  besides  there  exist  unidentified  liner*. 

In  the  case  of  "forbidden"  lines,  the  element  in  question  is  placed  within 
square  brackets,  for  instance  1 F»*>  If  in  the  spectrum  of  stars  there  are  noticeable 
emission  lines  not  only  of  hydrogen  but  also  metals,  it  is  desirable  to  use  the 
suffix  "em".  For  instance:  B0s»  (  Cassiopeae). 
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It  may  be  aeen  from  the  statements  above  that  as  our  astrophyaloal  knowledge 
increases  the  original  empirical  spectral  classification  becomes  less  and  less 
satisfactory  for  the  needs  of  contemporary  aatrospeotroaoopy.  Hew  symbols  are 
constantly  required  to  be  added  in  order  to  characterize  the  spectrum  of  a  star  to 
a  desirable  degree.  The  next  stage  will  be  connected  with  the  development  of  a 
detailed  aatrophysioal  theory  of  stellar  spoctra.  This  theory,  operating  with  cer- 
tain fundamental  constants  such  as  the  effective  taoporature,  the  gravitational 
field,  the  coefficient  of  absorption,  the  chemical  composition  of  stars,  etc,  should 
be  able  to  "predict"  the  intensity  and  width  of  spectral  lines  and  thus  create  a 
spectral  classification.  Conversely,  the  theory  should  enable  us  to  derive  these 
constants  from  the  observutional  data  as  to  the  intensity  and  width  of  the  apeotral 
lines. 

6.  The  System  of  Wave  Lengths, 
Catalogues  of  Radial  Velocities. 

^20.  Systems  of  Wave  Lengths.  The  determination  of  radial  velocities  is  a 
very  difficult  problem  in  itself,  quite  aside  from  the  complexities  of  the  instruments 
employed.  If  we  do  not  measure  directly  the  shift  of  linos  in  the  stellar  spectrum 
with  respect  to  the  lines  of  the  comparison  spectrum  of  the  same  element,  .we  obtain 
In  measuring  the  spectrogram  merely  the  wave-length  of  the  given  linos  and  not  the 
radial  velocities.  In  the  case  of  a  spectrum  obtained  by  means  of  the  diffraction 
grating  the  wave-lengths  may  be  measured  directly  (  Q  10) ,  but  in  the  ct.se  of  a 
spectrum  obtained  by  means  of  a  prixm  the  wave-lengths  are  determined  on  the  bases  of 
an  intorpolational  formula  -with  th«  use  of  lines  of  the  comparison  spectrum  gf  well 
know  wave-length.  The  results  of  the  measurements  depend  on  these  lines  and  the 
latter  are  subject  to  accidental  and  systematic  errors.  Let  us  note  that  for  the 
determination  of  radial  velocities  it  ie  necessary  merely  to  know  the  relative  and 
not  the  absolute  wave-lengths.  Doupler's  formula  shows  that  in  order  to  determine 
a  radial  velocity  we  need  know  merely  the  shift  A  *>  the  value  of  which  is  based  on 
the  knowledge  of  the  corresponding  wave-length  when  the  source  of  the  light  is  at 
rest.  The  latter  may  be  obtained  in  two  ways  both  of  which  are  not  quite  faultless. 

One  of  the  ways  consists  in  the  determination,  with  all  possible  accuracy,  of 
the  wave-lengths  of  various  elements  (especially  those  of  the  simpler  onee  such  as 
He,  0,  Mg,  etc)  by  means  of  purely  laboratory  investigations. 

The  other  method  is  based  on  making  use  of  the  wave-lengths  of  various  elements 
obtained  as  a  result  of  measuring  the  solar  spectrum  by  means  of  the  diffraction 
grating*  Besides,  it  is  necessary  to  know  the  accurate  values  of  the  wave-length* 
f  the  elements  (Pe  or  Ti)  used  in  obtaining  the  comparison  spectrum.  Up  to  very 
•eoent  times  Rowland's  system  of  wave-lengths  was  used  in  astrospeotroscopy,  Rowland's 
ystem  is  based  on  the  observations  of  the  solar  spectrum  as  well  as  on  laboratory 

•ectigations  of  spectra  made  by  means  of  the  diffraction  grating.  However,  be- 
..use  this  system  is  "tied"  to  several  washed-out  sodium  lines  Dj  and  D2  whose  wave- 
ength  were  not  sufficently  well  known  at  that  time  and  also  because  of  certain 
ysteratic  errors,  this  *yst«an  is 'now  being  replaced  by  the  so-called  international 
item  (denoted  I. A.)  based  or  *^e  measurement,  by  means  of  the  interferometer,  of  the 
,ve-length  of  the  very  sharp  line  of  Cadmium  6438.4696  A  at  a  pressure  of  760  ma 
a  temperature  of  +  15*  C.  Next,  the  accurate  values  of  the  wave-lengths  of  86 
•lected  lines  of  iron,  the  so  called  secondary  standards,  over  the  entire  «tretoh 
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of  the  visible  spectrum  were  determined  by  means  of  the  Interpolational  method. 
Finally,  making  use  of  these  standard  lines  and  using  interpolation,  wave  lengths 
of  383  intermediate  lines  of  iron  -  tertiary  standards  -  were  obtained  by  means 
of  a  concave  diffraction  grating.  To  these  basic  lines  were  gradually  "tied" 
lines  of  other  elements* 

The  !..»..  system  is  quite  satisfactory,  as  its  accuracy  is  of  the  order  of 
0.002  A,  an  accuracy  which  exceeds  that  of  the  aaasureuents  in  astrospootros- 
copy. 

This  system  may  be  reduced  to  Ecu-land's  system  on  the  bases  of  corrections 
derived  by  Eayser.  The  corrections,  which  are  often  used,  because  both  system* 
are  still  in  use,  are  given  in  table  6,  The  accuracy  of  these  corrections  is 
of  the  order  of  0«01»0.02  A, 

Table  6 


Portion  of  Spectrum  I. A.  -  Rowland 

6850  -  6750  -  0.24  A 
6750  -  6570  .23 

6570  -  5500  ,»-2 

5500  -  5400  .21 

5400  -  5375  .20 

5375  -  5925  .19 

5325  -  4550  .18 

4550  -  4350  .17 

4350  -  4150  .16 

4150  -  54bO  .15 


Horever  the  difficulty  of  the  problem  for  the  astro-physicist  is  not  so  ouch 
in  th«  sys-cera  as  in  the  fact  that  the  wave-lengths  given  by  the  system  are  not 
quite  applicable  to  stars  of  various  spectral  classes. 

the  spectra  of  stars  of  type  B,  A,  and  in  part,  of  P  are  comparatively  simple 
and  contain  the  lines  of  H,  Ho,  0,  Si,  alkaline  metals  and  earths,  but  only  a 
few  weak  metallic  lines.  The  spectra  of  these  classes  contain  almost  no  "blends", 
i.e.  close  lines  one  on  top  of  the  other.  But  in  a  given  case  we  should  use  the 
laboratory  system  of  wave-length  with  great  care,  for  not  every  shift  in  stellar 
spectra  can  be  interpreted  as  a  Doppler  shift.  The  conditions  of  the  formation 


of  spectra  In  the  atmospheres  of  these  stars  are  quite  different  from  those 
which  obtain  in  the  laboratory.  Besides,  special  factors  my  act  in  the  stellar 
atmospheres  (for  instance,  the  Einstein  gravitational  effect  oausinr  a  shift  of 
lines  toward  the  red  end,  etc.)* 

Had  our  Sun  been  of  much  greater  mass  with  the  same  radius,  the  wave-length 
system,  based  on  the  measurements  of  the  solar  speotrun,  would  have  deviated 
greatly  from  that  based  on  the  laboratory.  If  such  a  gravitational  effect  exists 
In  the  stellar  atmospheres,  the  application  of  our  laboratory  system  of  wave- 
lengths way  lead  to  an  erroneous  interpretation  of  stellar  uoticns  obtained  on 
the  bases  of  observed  shifts  of  spectral  lines. 

This,  apparently,  occurs  in  stars  of  class  0(and  8,  in  part)  and  in  the  so 
called  white  dwarfs  (Part  III  Chapter  2) . 

While  we  speak  of  the  possible  differences  in  the  conditions  of  the  formation 
of  the  spectrum  in  stellar  atmospheres  and  in  the  laboratory  and  on  their  in- 
fluence on  the  wave-length,  we  may  mention,  for  instance,  the  Stark  effect 
(Fart  II,  Chapter  i>),  under  the  influence  of  which  certain  lines  become  aeym- 
metrioal  and  which  leads  to  a  change  In  wave-length.  The  Stark  effect  may  like- 
wise cause  the  appearance  of  "forbidden"  lines  (See  Introduction,  $  11)  near  the 
known  lines  of  heliuuj  with  the  dispersions  used  these  lines  are  not  quite  se- 
parated and  therefore  the  corresponding  lines  become  asymmetric  as  was  shown  by 
Struve  and  Elvey. 

Nevertheless,  the  laboratory  system  of  wave-lengths  nay,  apparently,  be 
applied,  with  certain  limitations,  to  stare  of  type  0-5.  Therefore,  the  laboratory 
values  for  wave-lengths  are  usually  accepted  for  nost  lines  in  the  spectra  of 
these  types  of  stars.  However,  for  certain  linos  large  systematic  deviations 
are  observed.  For  them  are  taken  suoh  values  of  wave-lengths  which  give  the  least 
deviations  In  kilometers  for  a  mean  of  a  series  of  stars  (radial  velocities  which 
were  obtained  from  all  other  lines  are  used).  In  the  satae  way  are  treated  those 
linos  the  identification  of  wtioL  is  unknown.  Finally,  "forbidden"  lines  may 
appear  in  otars  and  nebulae.  These  lines  correspond  to  the  metastable  state  of 
the  atom  which  oannot  be  reproduced  in  the  laboratories.  The  wave-lengths  for 
these  lines  are  oomputod  on  the  basis  of  quantum  mechanics. 

In  stars  of  type  AO-F5  where  blends  ooeur,  especially  when  a  speotrograph 
with  a  single  prism  is  used  the  wave-lengths  for  numerous  lines  are  obtained  by 
means  of  reducing  to  their  minimum  value  the  residual  differences  for  groups  of 
stars  cf  well  known  velocities  (for  certain  stars  these  velocities  may  be  obtained 
by  means  of  a  three  prism  speotrograph).  The  lines  which  show  changes  in  wave* 
length  In  passing  from  one  spectral  subdivision  to  another  are  neglected.  laborat- 
ory or  Rowland's  values  of  wave-lengths  may  be  accepted  for  many  lines  for  otars  of 
type  A  and,  in  part,  for  type  F  with  a  large  dispersion,  which  is  used  in  a  three 
prisms  spectrograph.  This  statement  applies,  in  part,  also  to  one  prism  speotro- 
graphs.  On  these  principles  is  built  the  system  of  wave-lengths  accepted  by  the 
Victoria  observatory  in  Canada.  Besides,  the  same  observatory  has  developed  a 
system  of  wave-lengths  in  international  units  for  stars  of  type  0  and  for  the  early 
subclasses  of  3.  This  system  is  almost  entirely  based  on  laboratory  determinations. 

As  to  the  wave-lengths  of  the  iron  linec  of  the  comparison  spectrum,  they  are 
taken  essentially  on  the  bases  of  Burns'  determinations.  We  also  may  use  the 
secondary  and  tertiary  standard  iron  lines  the  number  of  which  is  quite  sufficient. 
These  wave-lengths  may  be  tuken  out  of  'frayman's  book  "wave  Length  Tables  for 
Spectrum  Analysis H. 
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Henceforth,  by  a  system  of  wave  lengths  ire  shall  mean  a  table  of  wave 
lengths  specially  selected  for  the  determination  of  radial  velocities. 

The  system  of  ware  lengths  for  classes  0-B  and  A,  used  at  the  Victoria 
Observatory,  is  of  a  semi-laboratory  character  and  should  be  regarded  as  a 
preliminary  one.  With  the  exception  of  certain  lines,  this  system  rives 
quite  accurate  results  for  a  dispersion  of  about  36.'*  «  Iran  at  H  nrhioh  is  a 
working  dispersion  at  present  in  the  determination  of  radial  velooit' 

Laboratory  wave  lengths  and  Powland's  determinations  (cun)  are  also  used 
in  work  with  the  three  prism  speotrograph  and  oocparatively  little  adaptation 
of  separate,  systematically  deviating  lines  by  the  method  indicated  above  is 
necessary.  For  a  very  small  dispersion,  which  is  used  in  the  determination 
of  radial  velocities  of  faint  stars,  a  special  system  of  wave  length  should 
be  developed*  Such  a  system  is  based  on  observations  of  stars  of  wellknown 
velocity. 

Passing  to  stars  of  type  0  (the  spectrum  of  which  is  very  similar  to 
that  of  the  Sun)  we  are  confronted  with  certain  circumstances  which  on  one 
hard,  make  the  problem  more  complicated,  yet  facilitate,  in  part,  Its  so- 
lutior,  on  the  other  hand.  Because  of  the  appearance  of  a  very  large  number 
of  lines  it  is  difficult  even  with  a  large  dispersion  to  find  entirely  iso- 
lated lines.  Tor  the  most  part  we  have  to  deal  here  with  "blends"  consisting 
of  lines  of  various  Intensity  the  wave  lengths  of  which  differ  very  little 
one  from  the  other.  In  passing  from  one  spectral  class  to  another  various 
lines  will  prevail  in  the  blends  which  fact  causes  systematic  shifts  of  the 
blends.  Such  a  phenomenon  was  observed  by  Albreoht  and  others.  In  certain 
oases  the  wave  length  increases  in  passing  from  F  to  0,  etc.,  in  other  oases 
i£  decreases,  often  having  a  i.aximum  or  minimum  in  an  Intermediary  class. 
This  circumstance  greatly  complicates  the  use  of  a  single  eysteu:  :f  wave  lengths 
for  the  types  G  •  M» 

Because  of  difficulties  connected  with  the  finding  of  quite  isolated  lines 
the  laboratory  wave  lengths  are  not  used.  For  the  most  part  Rowland's  wave 
lengths  are  used  after  they  are  corrected  in  accordance  with  the  dispersion 
used,  so  ishat  for  the  Sun  and  planets  we  may  obtain  velocities  as  close  ao 
possible  to  the  theoretical  values,  It  it  of  great  advantage  to  be  able  to 
use  for  type  3  (i.e.  for  the  solar  type)  such  excellent*  standards  of  known 
velocity  as  the  Sun,  hars,  the  iSoon,  and  the  Sky  are; 

Passing  to  the  stars  of  type  K,  M  we  also  must  use  solar  and  planetary 
data  in  splto  of  a  certain  extrapolation  duo  to  the  difference  in  spootrum. 
For  these  stars  the  possibility  of  using  laboratory  wave  lengths  are  still 
•nailer. 

Of  exceptional  value  in  the  problem  of  determination  of  radial  velocities 
for  stars  of  type  ?5  -  M  Is  the  application  of  Hartraann's  speotrooonparatyr 
( ^  11) .  There  is  no  doubt  that  the  contour  of  a  blond  ohangos  within  the 
limits  of  thy  same  spectral  class,  and  it  is  often  entirely  impossible  to 
compare  a  given  biend  in  two  adjacent  classes.  However,  such  a  comparison 
may  be  realized  on  the  spoctrocomparator  when  certain  whole  sections  of  the 
spectrum  containing  scores  of  lines  and  blends  arc  compared.  Each  blend  can- 
not b  j  compared  directly,  but  if  we  take  simultaneously  a  do* on  of  thorn,  w« 
nay  think  that  their  individual  differences  compensate  each  other.  Thus,  it 
Is  possible  to  obtain  the  velocity  for  a  scries  of  stars  of  tha  types  F5,  0, 
X,  and  M  by  means  of  comparing  them  with  the  spectrum  of  the  Sun  and  of  the 
planets.  This  can  be  done  with  a  high  degree  of  possible  accuracy,  to  the 
full  extent  which  the  computations  of  the  Solar  and  planetary  radial  velocities 


based  on  Celestial  Mechanics  permit.  In  this  case  the  systen  of  wavo-longths 
is  of  no  importance,  for  all  determinations  of  radial  velocities  are  of  a 
differential  character . 

This  is  how  it  is  done.  Velocities  of  maximum  accuracy  are  determined 
(by  means  of  comparison  with  the  spectrum  of  the  Sun  and  of  the  planets) 
for  a  series  of  selected  standard  stars  of  various  spectral  classes.  Next, 
the  spectra  of  the  stars  under  consideration  are  compared  with  the  spectra  of 
the  standard  stars  of  the  corresponding  spectral  class.  This  method  is  thor- 
oughly reliable  and  has  many  advantages  as  compared  with  the  method,  described 
above,  of  the  determination  of  radial  velocities  of  stars  of  the  types  0-F. 

Having  obtained  some  standard  stars  of  well  known  velocities,  it  is  pos- 
sible to  carry  out  mass  determinations  of  radial  velocities  of  the  fainter 
stars  by  the  following  two  methods.  The  first  one  consists  in  the  usual  oon- 
parison  of  the  spectra  with  a  standard  star  on  the  speotrooomp -rator  (6  11). 
However,  sometimes  it  is  desirable  (because  of  technical  difficulties  or  be- 
cause a  speotrooomparator  is  not  readily  available)  to  use  the  ordinary 
measuring  devices.  These  technical  difficulties  nay  result,  for  instance, 
from  systematic  errors  that  will  occur  if  the  spectrogram  of  the  given  star 
differs  greatly  in  exposure  from  that  of  the  standard  star.  Next,  the  speotro- 
oojnparator  demands  higher  quality  of  spectrogram  with  respect  to  the  width  of 
the  spectrum  and  exposure  as  compared  with  that  for  ordinary  measurements. 
Therefore,  certain  observatories,  Mount  Wilson  for  instance,  prefer  to  deter- 
mine the  radial  velocities  of  Q-M  types  of  stars  by  means  of  the  ordinary 
microscope-micrometer. 

The  second  method  is  as  follows:  having  measured  the  spectrograms  of 
standard  stars  of  well  known  velocities,  the  wave-lengths  for  whole  series  of 
lines  are  determined,  and  only  those  of  them  are  left  which  do  not  show  any 
changes  in  passing  from  one  spectral  class  to  another.  Next,  this  syste* 
nay  be  somewhat  improved  on  the  bases  of  numerous  measurements  by  using  the 
deviations  in  radial  velocities  for  individual  lines  and  reducing  the  system* 
atio  deviations  to  sero.  This  method  is,  in  part,  similar  to  the  method  of 
adaptations  of  individual  wave-lengths  in  stars  of  types  0-7. 

The  method  of  standard  velocities  also  has  the  advantage  that  the  un- 
avoidable systematic  errors,  due  to  the  instruments,  in  radial  velocities  are 
reduced  to  a  minimum,  as  the  radial  velocities  of  the  standard  stars  them- 
selves are  determined  by  a  purely  differential  method  with  respect  to  the 

Sun  and  the  planets. 

Curt  is  s1^  method  is  a  further  development  of  the  method  of  standard 

velocities.  For  a  series  of  standard  stars  of  well-known  velocities  or 
for  the  Sun  readings  for  separate  lines  (and  not  for  the  wave  lengths)  are 
taken.  The  readings  of  the  lines  of  any  star  are  compared  with  those  of  the 
table  of  normal  readings,  and  then  they  are  reduced  to  the  same  dispersion 
by  means  of  the  comparison  spectrum.  Next  the  velocities  of  the  star  under 
investigation  is  obtained  in  the  usual  way  by  oomparing  it  with  a  standard 
star.  At  present  very  small  dispersions,  often  of  the  order  of  90A  •  la* 
near  Hy  are  used.  For  such  a  small  dispersion  the  selection  of  the  wave- 
length is  of  little  importance.  Besides,  the  systematic  errors  due  to  the 
instruments  are  very  large  here.  Therefore,  the  method  of  standard  velocities 
is  the  only  practical  method  for  such  small  dispersions. 


In  the  case  of  large  dispersions  (  in  a  three  prism  spectrograph  and  in 
part,  in  a  one  prism  speotrograph)  we  nay  proceed  also  by  a  comparison  with 
Rowland's  atlas,  selecting  the  isolated  lines  for  which  the  Rowland  rallies  are 
known.  This  method  is  sufficiently  good  for  the  solar  type  of  stars,  but  it 
becomes  doubtful  for  stars  of  types  K-M  unless  the  system  is  corrected  on  the 
basis  of  the  study  of  the  residual  differences  for  the  individual  lines  by 
numerous  measurements. 

It  is  evident  that  the  derived  system  of  wave  lengths  for  a  given  instruoent 
is  definitely  connected  with  the  systematic  errors  belonging  to  the  given  in- 
strument. If  a  single  system  of  wave  lengths  were  used  for  all  instruments, 
such  a  system,  however  desirable  in  principle,  ,,-ould  have  caused  systematic 
errors  for  each  of  the  instruments.  On  the  contrary,  it  is  possible  to  reduce 
the  systematic  error  to  a  minimum  by  developing  a  special  system  for  each  in- 
strument. Contemporary  astrospeotrosoopy  has  not  yet  definitely  solved  this 
problem.  In  reality,  almost  every  major  observatory  uses  to  a  certain  degree 
its  own  system  of  wave  lengths)  nevertheless,  the  radial  velocities  suffer  more  . 
or  less  from  systematic  errors.  Usually,  in  the  catalogues  of  radial  velocities, 
which  were  obtained  at  different  observatories,  there  are  numerous  stars  in  com* 
mon»  the  systematic  errors  are  derived  by  comparing  these  oonaon  star*.  The 
systems  of  the  Lick  and  Victoria  Observatories  may  be  regarded  at  present  as 
the  best  ($21). 

System  I,  A.  is  based  on  the  wave  length  of  the  red  line  of  cadmium  de- 
termined at  780  mm  and  15*  C.  When  the  temperature  and  pressure  change  the 
wave  length  also  changes,  for  it  depends  on  the  medium  through  which  the 
vibrations  pass.  Sometimes  it  is  necessary  to  reduce  the  wave-lengths  to  stand- 
ard conditions  (the  reduction  of  nave  length  to  a  vacuum).  For  this  purpose 
it  is  necessary  to  study  the  refraction  of  the  air  for  various  wave  lengths  and 
the  dependence  on  density,  pressure  and  temperature.  The  investigations  of 
Kayser  and  Runge,  and  especially  the  latest  measurements  of  Meggers  and  Peters, 
enable  us  to  construct  tables  for  the  reduction  to  a  vacuum.  Such  a  table  may  be 
found  in  Twyman's  book,  which  we  mentioned  previously*  for  instance,  forX&dOO 
and  6600  (I. A.)  these  corrections  are  respectively  equal  to  1.0293  and  1.8193  A. 
Introducing  these  corrections  we  obtain  wave  lengths  which  are  imrersly  proport- 
ional to  the  frequencies  of  the  vibrations.  A  transfer  to  the  frequencies  of  the 
vibrations  is  necessary  in  the  problem  of  spectral  series. 

Since  in  stellar  astronomy  the  determination  of  wave  lengths  is  oiten  con- 
nected with  the  comparison  spectrum,  the  system  will  be  the  same  as  for  the 
latter.  For  the  same  reason  the  determination  of  wave  lengths  does  not  depend 
on  the  pressure  and  temperature  of  the  air,  although  these  corrections  are 
practically  very  slight. 

(J21.  Catalogues  of  the  Radial  Volooi ties  of  Stars,  The  first  determinations 
of  radial  velocities  were  made  by  ihe  visual  method  by  Keeler  (at  the  Lick 
Observatory  in  1890),  who  accurately  obtained  the  velocities  for  three  stars. 
The  earlier  attempts  of  certain  English  and  German  astronomers  led  to  very 
doubtful  results.  The  application  of  the  photographic  method  opened  a  new  era 
in  the  problem  of  the  determination  of  radial  velocities  of  stars.  The  pioneers 
were  Vogol  and  Soheiner  at  Potsdam  (1889-1691)  and  A,  Belopolsky  at  Pulkovc 
(1890).  The  computed  error  of  the  radial  velocity  appeared  to  be  *  8.6  km*, 
but,  because  of  a  systematic  error,  the  accuracy  of  the  results  of~~the  Potsdam 
observers  was  much  smaller.  A  greater  increase  in  accuracy  was  achieved  by 
W.  Campbell  at  the  Lick  Observatory  (1895-96) .  This  increase  was  due  to  a 
specially  constructed  spectrograph  and  to  the  excellent  56-inch  refractor. 


the  error  for  the  bright  stars  was  equal  to  only  *_  0.5  km,  and  for  bright  star* 
with  good  line*  the  error  vac  only  *_  0,5  km.  Thia  aoouraoy  remains  unexcelled 
up  to  the  present  time.  Further  successes  consisted  Merely  of  reaching  such 
a  degree  of  accuracy  for  the  fainter  stars»  these  inprovenents  were  due  ohiefly 
to  a  better  oonstruotion  of  speotrographs  in  regard  to  flexure  ($8)  and  tee*, 
peratur*  ($13),  to  a  greater  transparency  of  the  prisms,  and  to  the  inoreaae  in 
power  of  the  instrument*. 

We)  may  also  note  the  decrease  in  dispersion  from  earlier  days  to  the 
present  lime,  but  tne  aesuraey  decreased  in  a  much  smaller  proportion.  In  cer- 
tain speetrul  oJAsaee  (stars  with  blurred  and  faint  lines)  tho  transfer  from 
the  three  prism  spoetrograph  to  a  one  prism  speotrogra  h  has  not  lessened  the 
aoouraoy  at  all,  although  the  dispersion  decreased  to  1/3  of  its  former  value. 
Next,  it  is  often  of  more  practical  value  to  obtain  several  spectrograms  in  a 
riven  interval  of  time  than  to  obtain  only  one  spectrogram  needing  a  longer 
exposure.  Finally,  the  reason  for  coming  down  to  small  dispersions  is  the 
deair*  to  work  on  the  fainter  stars  and  fainter  objects  of  special  interest. 

The  results  of  observations  of  radial  velocities  are  given  in  various 
catalogues  tho  comparison  of  which  enables  us  to  investigate  certain  systematic 


We  emphasized  in  the  previous  sections  the  complexity  of  the  theoretical 
and  technical  parts  in  the  determination  of  radial  velocities. 

It  is  almost  impossible  to  drear  a  line  between  accidental  and  systematic 
errors.  Small  systematic  errors  which  cannot  be  clearly  differentiated  will 
enter  into  the  catalogue  as  accidental  errors.  However,  the  summary  effect 
of  the  systematic  errors  may  be  made  apparent  in  two  ways* 

1)  For  stars  of  the  solar  type  by  means  of  comparing  thw  theoretical 
and  observed  velocities  of  the  Sun,  planets,  Moon,  and  the  sky)  2)  by  com- 
paring the  catalogues  of  radial  velocities  of  various  observatories,  containing 
the  same  stars. 

We  enumerate  below  only  the  chief  sources  of  systematic  and  accidental 
errors: 

1)  the  character  and  number  cf  spectral  lines  in  the  spectrum) 

I)  the  unsatisfactory  centering  of  the  telescope  and  speotrograph} 

3)  differential  bending  of  the  speotrojraphi 

4)  general  bending  in  the  spectrograph, 

5)  general  bending  in  the  telesoope  and  the  change  of  collimationi 

6)  atmospheric  dispersion » 

7)  temperature  effeot) 

8)  the  width  of  the  slit  and  the  aaynmetrio "guiding"  of  the  star  on  the 
Hit, 

9)  deficiencies  in  the  optics  of  the  telescope,  especially  the  existence 
of  astigmatism* 

the  heterogenuousness  of  the  prism  and  deficiencies  of  its  surface) 
the  "coma"  effeot  of  the  objective  of  the  camerai 
the  errors  of  the  focus  of  the  camera  in  connection  with  the  uneven 
illumination  of  the  objective  of  the  collinater) 

13)  the  error  of  the  focus  of  the  camera  in  connection  with  a  larger 
inclination  of  the  oamera  holder} 

14)  the  system  of  wave  lengths) 

15)  the  variable  velocity  of  stars) 

16)  the  personal  equation) 

17)  the  temporary  systematic  errors  of  unknown  origin. 


Most  of  the  errors  indicated  here  have  b«on  considered  by  us  previously 
In  the  respective  section*. 

The  oharaot eristic  peculiarities  of  eaoh  catalogue  of  radial  velocities 
are  its  accidental  and  systematic  errors.  Besides  those  causes  indicated  here, 
the  dispersion  and  the  spectral  class  of  the  stars  are  of  importance,  which  de- 
termine, in  part,  the  number  and  character  of  the  lines.  The  inner  accuracy  it 
chiefly  determined  by  accidental  errors  (in  catalogue  they  aro  called  the  pro- 
bable or  mean  errors  of  velocity)  which  include  alao  all  the  systematic  errors 
not  previously  taken  into  consideration,  tfhen  there  is  a  snail  number  of  spectro- 
grams, as  is  usually  the  case,  the  probable  error  is  best  computed  by  Peters* 
formul»dr-^^£^A  and  not  by  th«  formula  of  squares. 

Below  weglve,  as  an  illustration,  the  probable  error  of  one  spectrogram  and 
the  aean  v«locity  of  the  star.  It  is  given  by  a  very  good  catalogue  based  on 
observations  made  at  the  Victoria  Observatory  by  a  one-prism  spectrographt 

Stars  of  types  G-M    Stars  of  types  B-A  Stars  of  type  A 

and,  in  part,  of  type  having  good  lines,  and  0-B  having 

F,  having  good  lines   and  those  of  type  P  washed  out  lines 

having  washed  out  lines 


To     From       To       Pra 


Is  of  probable  errors     *  0.2km  *  2.51m        ±  1.2lon  ±5. 5km          ±2. Stan  ±  10. (X 

spectrogram 


Is  of  the  probable  t  O.lkm  +  1.0km        £  0.5km  tl,5km          ±1.0kn  *     3.81 

of  the  mean  velocity 


For  three  prism  speotrograph  the  error  for  the  third  group  remains  the 
in  the  table,  and  for  the  first  and,  in  part,  for  the  second  groups  the  error  de- 
creases almost  by  half. 

The  real  error   (accidental  and  systematic)  is  characterised  not  BO  much  by  inner 
agreement  as  by  a  comparison  with  the  results  obtained  at  other  observatories. 
Although  no  general  system  of  wave-lengths  has  as  yet  developed,  and  although  it  is 
not  yet  known  which  observatory  is  the  most  accurate  with  respect  to  radial  velocities, 
nevertheless  we  may,  according  to  all  indications,  take  the  results  of  the  Lick  Ob- 
servatory as  a  standard  of  comparison.     The  lick  system  of  radial  velocities  has  re- 
mained homogeneous  for  almost  thirty  years,  and  besides  it  is  oonnected  to  the  dis- 
persion of  a  three  prism  speotrograph  (about  10A    •    last  at 


The  tables  below  show  the  result*  of  the  comparisons  for  three  croups  of 
•tarsi  A5-M,  0-BS,  and  BB-A5, 

Start  of  type  A0  •  M 


Obsenratories 

Stars 

Mean  deviation  In  km. 

Cape 

Li  ok 

Ml 

*       0.20 

Mount  Wilson    - 

Lick 

25-1 

•       0.54 

Yictorla 

Lick 

150 

-       0.71 

Terkes 

Llok 

IT 

*      0.70 

3onn 

Lick 

215 

«•       1.49 

PulkOVO                    • 

Llok 

12 

-       0.14 

Siaeis 

Llok 

17 

4.       0.50     (0-M) 

Detroit 

Llok 

16 

-       1.97 

Potsdam 

Lick 

9 

-       1.49 

Lowell 

Llok 

10 

*       0.72 

Ottawa 

Llok 

7 

-       1.01 

Allegheny 

Llok 

4 

-      5.80 

In  the  following  tables  the  asterisk*  shows  that  st-irs  baring  deviations  of 
more  than  11  km  were  eliminated  (tables  follow  on  the  next  page) 

Of  late,  the  oondssion  on  radial  velocities  of  the  International  Astronomical 
Union  (I.A.U.)  spectra  are  recommended  to  be  photographed  at  all  observatories  whioh 
are  engaged  In  the  determination  of  stellar  radial  velocities. 

Below  is  given  a  list  of  the  more  Important  catalogues  containing  altogether 
more  than  5000  stars. 

Lick.  Radial  velocities  of  about  2600  stars  of  the  northern  and  southern  sides 
brighter  than  5.55  (fainter  stars  appear  rarely).  Public,  of  the  Llok  Observatory. 
Vol.  XVI-1928. 
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Start  of  Type  05  -  B5 


Observatories  Hunber  of      Mean  deviation      Mean  deriation 

Start         in  Jo*,  regardless  of 

sign  in  ka. 


Yerkes      *  Liok 

149 

+  0.88 

8.7 

Yerkes      -  Liok* 

107 

*  0.22 

4.0 

Victoria     -  Liok 

8 

-  6.65 

8.0 

Victoria    -  Liok* 

6 

-  2.65 

4.4 

Mount  Wilson  •  Liok 

33 

-  0.56 

4.2 

Mount  Wilson  -  Liok* 

30 

-  0.14 

3.3 

Ottawa      -  Liok 

22 

-  5.97 

6.8 

Ottawa      -  Liok* 

20 

•  5.18 

6.1 

Detroit     -  Liok 

8 

*  2.54 

5.4 

Detroit     *  Liok* 

7 

•  0.65 

2.5 

Stars  of  Type  B8  -  A3 


Yerkes              -  Liok  81  +     3.41  7.4 

Yerkes               -  Liok*  64  +1.63  4.0 

Victoria           -  Liok  58  -     3.98  6.4 

Victoria          -  Liok*  49  -     *.**  4.0 

Mount  fllson  -  Liok  86  -     0.72  5.3 

Mount  Wilson  -  Liok*  75  4-0.25  3.3 

Ottawa               •  Liok  17  -     2.1  .  ... 

Ottawa               -  Liok*  14  -     2.2  3.3 

Detroit             •  Liok  11  -     1.78  4.3 

Detroit            -  Liok*  11  -     1.75  4.3 

Allegheny        -  Liok  16  «    3.62  6.7 

-  Liok*  14  -     4.U  5.8 


Mount  ttilaon*  Radial  velocities  of  1015  stursj  chiefly  of  types  ?,  G.  ",  !.. 
With  respect  to  the  brightness  of  tho  stars  the  catalogue  is  not  homogeneous 
(from  the  brightest  stars  to  those  of  the  8-th  magnitude  and  fainter).  Astro- 
physical  Journal  57,  1923.  Radial  velocities  of  741  stars.  The  character  of  the 
catalogue  is  the  sane  as  that  abore.  Astrophysioal  Journal  70.  1929.. 

Victoria.  Radial  velocities  of  594  stars.  Stars  from  4?«  to  6?9  (rarely  of 
770)  or  various  spectral  classes.  Public,  of  the  Dominion  Astroph.  Observatory 
Vol.  II.  1.  1921. 

Victoria.  Radial  velooities  of  528  stars.  Stars  of  type  0-B6  up  to  7725. 
Public,  of  the  Dominion  Astroph.  Observatory.  Vol.  V,  I. 

Yerkes.   Radial  velooities  of  368  helium  stars  (mostly  brighter  than  5*25). 
Astrophysioal  Journal  64,  1926. 

Yerkes.   Radial  velooities  of  500  stars  of  type  A  (mostly  brighter  than 
5*26)  Publ.  of  the  Yerkes  Observatory,  Vol.  VII,  Part  I. 

Siaeis.   Radial  velooities  of  901  stars  from  575  to  677  (mostly  stars  of 
type  I  i1).  Tforks  of  Pulkovo  Observatory,  vol.  45,  1935. 

In  Youte's  catalogues!  First  Catalogue  of  Radial  Velooities  (2071  objects) 
and  Second  Catalogue  of  Radial  Velooities  (4032  objects)  we  may  find  a  lilt  of 
radial  velocities  of  stars,  nebulae,  and  clusters  determined  up  to  1928.  The 
velooities  of  these  catalogues  are  not  reduced  to  any  system. 

The  Lick  Observatory  will  soon  publish  a  collated  catalogue  of  radial  ve- 
locities of  about  6700  objects.  Public,  of  the  Lick  Observatory,  Vol.  XVIII. 

7.  The  Investigation  of  the  Planetary  System. 

2.  The  Speotrograpfaio  hethod  of  Investigation  of  Planets.  These  are  two 
peculiarities  or  method  in  the  application  of  the  epeotrograpTTto  the  study  of 
planetst  1)  the  slit  must  be  sufficiently  long  to  obtain  the  spectrum  of  any 
section  of  a  planet »  2)  we  must  be  able  to  rotate  the  entire  speotrograph  with  the 
slit  so  that  the  slit  may  be  set  parallel  to  any  section  of  the  disk  of  the  planet. 

The  conditions  for  obtaining  a  spectrum  of  the  planets  and  of  elongated  ob- 
jects are  somewhat  different  from  those  for  the  stars.  As  we  have  to  deal  here 
with  surface  brightness,  the  dimensions  of  the  instrument  are  of  secondary  im- 
portano*.  Next,  the  quality  of  the  image  has  almost  no  influence  on  the  time  of 
the  exposure  of  a  planetary  spectrum.  As  the  planets  show  a  continuous  spectrum  with 
absorption  lines  (the  reflected  solar  spectrum),  the  condition,  characterizing  the 
brightness  of  the  spectrum  depending  on  the  constants  of  the  speotrograph,  remain 
approximately  the  same  as  those  for  stars  (^5).  It  is  desirable  that  the  slit 
should  have  a  certain  curvature  so  designed  that  the  spectral  lines  for  the  spectrum 
will  be  straight.  This  is  especially  important  in  speotrographio  investigations  of 
planetary  rotation.  As  the  changes  in  the  solar  spectrum  which  is  reflected  by 
the  planets  and  which  is  determined  by  the  passing  of  the  light  through  the  planet- 
ary atmosphere,  are  almost  exclusively  in  the  visual  and  the  infra-red  part,  it  is 
desirable  to  use,  in  the  investigations  of  planetary  atmospheres,  a  speotrograph 
which  is  suitable  for  tho  study  of  these  regions. 

It  is  important  in  apectro photometric  investigations  that  the  chromatic 
curve  should  deviate  but*  little  from  a  plane  along  the  entire  spectrum,  so  that 
the  focus  may  be  practically  the  same  for  the  entire  spectrum. 
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o  of  the  chief  applications  of  the  spootrograph  to  planets  is  the  study 
of  the  rotation  of  planets.  We  shall  state  here  a  few  formulae  for  the  study  of 
the  effect  of  the  rotation  of  planets.  They  will  show  us  the  direction  in  whieh 
the  method  is  developing. 

According  to  Doppler's  principle  in  its  application  to  reflected  light,  the 
shift  of  the  spectral  lines  is  determined  by  the  total  effect  of  the  notion  of 
the  reflecting  surface  with  respect  to  the  Sun  (as  the  source  of  light)  as  well 
as  with  respect  to  the  observer.  Instead  of 

>  -  X  -  £  x 

we  have; 


where  Rj  and  R«  are  the  distances  of  the  planet  from  the  Sun  and  the  Earth,  and 
^jVil  --  V  and  £r£>  -  J/  a  re  radial  velocities  with  respect  to  the  Sun  and  Earth. 
^••^Let  us  introMoe  tne  following  designations:  1)  a  is  the  angle  at  the  center 
of  the  planet  between  the  directions  toward  the  Sun  and  toward  the  Earth»  2)  (fi 
and  <j£,  are  the  angles  between  the  equatorial  plane  of  the  planet  and  the  directions 
toward  the  Sun  and  toward  the  Earth*  VQ  is  the  equatorial  velocity  of  the  rotation 
ef  the  planet  in  km/sec$  va  and  v0  are  the  speotro graphic  velocities  of  the  points 
A  and  C  of  the  two  edges  of  the  disc  at  the  equator.  Evidently, 


\ 

O-  4^0-**-'  <~   —  ^a  c<>-*-  ^  -    ' 

£_^   *""         O  i  /  *2-«   / 

In  these  formulae  we  neglect  the  same  terms  (for  both  edges)  which  depend  on  the 
motion  of  the  planet  as  a  whole  with  respect  to  the  Sun  and  to  the  Earth. 

Then  the  observed  differences  of  velocities  will 
be  equal  tot 


4- 
•ear  opposition   is  very  close  to   therefore, 


At  the  epoch  of  opposition  or  conjunction  a  •  0, 
and  hi 


These  formulae  apply  only  when  the  slit  of  the 
speetrograph  intersects  the  disk  of  the  planet 
along  the  equator  of  the  planet. 

When  it  does  not,  it  is  then  necessary  to 
know  the  angle Hbetween  the  circles  of  de- 
oliration  and  those  of  latitude.     This  angle  determines 
the  orientation  of  the  slits  with  respect  to  the  ecliptic. 


O 
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(  -z.  it  the  inclination  of  the  equator  to  the  ecliptic,  Q  it  the  longitude  of  the 
8un).  It  is  assumed  here  that  the  slit  coincides  with  the  diurnal  circle. 

Next,  it  is  necessary  to  know  the  ancle  n  between  the  latitude  circles  and 
the  eirole  perpendicular  to  the  plane  of  the  equator  of  the  planet. 


where  i  it  the  inclination  of  the  equator  of  the  planet,  it  the  longitude  of 
the  ascending  node  of  the  equator  of  the  planet,  and  P  it  the  longitude  of  the 
planet*  naving  computed  the  angle  p  ->^  wo  may  place  the  tlit  accurately  with 

;.     The 


retpeot  to  the  equator  of  tne  planet,  the  method  of  determination  of  the 
tion  of  the  pl*&*t  actx-rding  to  the  observed  difference  of  the  speotrographio 
velocities  of  the  two  tides  of  the  planet  It  not  faultless,  at  the  limbs  of  the 
planet  are  somewhat  washed  out  because  of  the  atmosphere,  and  therefore  the  edges 
of  the  spectral  lines  corresponding  to  the  limbs  are  not  determined  accurately. 
Hext,  in  the  ease  of  astigmatism  in  the  spectrograph,  errors  of  instrumental 
nature  ensue. 

the  angle  6?  which  determines  the  inclination  of  the  speotral  lines  in  the 
spectrum  of  th*  planet  with  respect  to  lines  of  the  comparison  spectrum  (Dee- 
landres*  method),  oan  be  determined  more  accurately.  Let  x  and  y  be  the  coor- 
dinates of  a  certain  point  on  a  line  in  the  spectrum  of  a  planet  and  lot  T 
be  the  Telocity  (along  the  line  of  sight)  of  tii»  corresponding  point.  Next,  let 
D  be  the  linear  dispersion  of  the  speotrograph  near  the  given  line,  and  let  2p 
be  the  width  of  the  spectrum  of  the  planet  in  milimeters.   -vidently 


^  * 
On  the  other  hand,  y  is  the  linear  shift  corresponding  to  Doppler's  effect,  and 

hence  for  the  planet  it  will  be: 


where  is  the  angle  between  the  plane  oT  the  equator  and  the  line  Planet-Earth 
or  Planet-Sun  (near  opposition  this  angle  nay  be  considered  at  equal  for  the 
Sun  and  the  Earth)  and  o  it  the  Telocity  of  light.  For  a  point  on  the  limb  of 
the  disk  x  mjPand  we  shall  obtain  the  Telocity  TO  of  the  point  of  the  equator 
along  the  line  of  tight  from  the  following  formula: 


Measuring  the  inclination  f  we  may  thut  determine  the  Velocity  of  the  rotation  of 
the  planet  for  any  point  on  the  limb  of  the  disk.     If  the  measuring  apparatus  hat 
a  small  reading  circle,  it  is  possible  by  rotating  the  eye-piece  end  of  the  micro- 
scope, to  make  the  cross-hair  coincide  with  the  lines  of  the  planetary  spectrum 
and  then  also  with^the  lines  of  the  comparison  spectrumi  the  difference  will  de- 
termine  the  angle 
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The  quantity  &  (the  half-width  of  the  planetary  spectrum)  is  equal 
where  d  la  the  coaputed  senddiaaetcr  of  the  planet  and  f  and  fi  are  the  focal  . 
lengths  of  the  oanera  and  oollinator  (the  aeasuredytf  cannot  be  very  accurate), 

This  method  la  also  used  for  the  determination  of  the  rotation  of  Saturn's 
rings. 

He  aaid  tn  j)  16  that  a  comparison  of  observed  and  theoretical  velocities 
of  the  solar  bodies  Is  an  excellent  way  to  study  the  systematic  errors  of  the 
determination  of  radial  velocities.  At  the  sane  tiae  the  spectra  of  the  Sun, 
the  planets,  the  aeon,  and  the  sky  are  excellent  standard*  In  the  determination 
of  radial  velocities  of  stars  of  the  type  G-M,  Wo  shall  show  now  how  these 
velocities  are  computed  for  the  planets. 

When  the  position  of  the  silt  on  the  disk  of  a  planet  la  properly  selected, 
there  is  no  need  to  use  the  correction  for  the  rotation.  The  velocity  of  the 
planet  !•  computed  by  formula  (50),  Ej  and  Eg  are  given  in  "The  American 
Kphosjeris"  and  the  "Nautical  Almanac". 

Everything  Is  reduced  to  the  differentiation  of  the  Interpolation  formula 
(60)  for  R. 

Let  us  nave  the  following  little  table 
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Let  the  Interpolation  fomula  have  the  following  form 


The  change  Is 


/  .\ 


where  log  •  •  0.4545. 

The  velocity    at  the  accent  I  +  t  i«  expressed  in  astronomical  unite 
of  distance  and  in  units  of  tin*  »,  i.e.  in  mean  solar  days. 

In  the  transformation  of  the  velocities  into  tat/see  w»  have 


In  the  logarithndo  fora  it  vill  appear  as  follow*! 


here  in  seconds  of  timej  log  E  is  taken  according  to  formula 
r  the  first  term  we  haves 
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8.2998 
2.9988 
2.6978 


25.  Tlie  Deteradnation  of  the  Solar  Parallax  by  the  Stellar  Radial  Velocities 
The  speetrographio  observation*  give  the  radial  velocity  of  a  star  with*  respect 
to  the  observer*  In  order  to  compare  the  radial  velocities  (of  a  given  star) 
obtained  at  different  epochs,  it  is  necessary  to  reduce  then  to  the  Sun*  As  waa 
indicated  in  £11,  we  take  into  consideration  here  a  correction  due  to  the  revolution 
and  rotation  of  the  Earth.  Besides,  we  also  oust  take  into  consideration  the  per- 
turbations of  the  Earth  by  the  planets  and  the  Moon. 

We  My  pose  a  reversed  problems  to  determine  the  correction  for  the  Earth's 
revolution  and  rotation  and  thus  to  determine  the  sice  of  the  Earth's  orbit  and 
the  solar  parallax  from  the  observations  of  the  radial  velocities  of  a  star  which 
is,  let  us  say,  in  quadrature  with  the  Sun*  Such  a  method  of  determination  of 
the  Solar  parallax  was  proposed  in  the  early  period  when  radial  veloeitiee  were 
determined  for  the  first  tine. 

The  corrections  for  the  rotation  of  the  earth  and  its  perturbation  by  the 
Moon  and  the  major  planets  are  very  snail  and  can  be  computed  with  an  accuracy  of 
one  thousandth  of  a  kilometer.  For  the  correction  of  the  rotation  of  the  Earth 
we  ha?e  the  following  formula 


•/ 

' 


Tfl 


It  is  easy  to  obtain  formulae  for  the  correction*  of  rm  and  r  for  the 
lunar  and  planetary  perturbations: 


C  >  -  L  J  <L*V' 


, 
-   -  O  ^^  '  0  *  3  *^~  C  A  -  L  ,)  ^ro^  fi 

E  are  *"•  longitude  and  latitude  of  the  star,  /(  ia  the  longittkb 
of  the  noon,  and  L  is  the  longitude  of  the  planet.         ^>p 

Baring  a  series  of  obserad  velocities  TO  obtained  at  various  epochs  for  a 
given  star,  we  may  obtain  the  velocity  of  the  star  v(  *nd  the  corrections  for  the 
orbital  notion  of  the  Earth  va.  Zhe  latter  enables  us  to  determine  the  velocity 
of  tbt  2arth  Va  fron  the  following  formula 


where  o  is  the  eccentricity  of  the  terrestrial  orbit,  a  is  the  major  swoiaxis, 
T  is  the  msaber  of  solar  seconds  in  a  eideral  year,  '7"  is  the  longitude  of  the 
Sun  at  the  perihelion, 

Baring  determined  a,  we  shall  find  the  solar  parallax  pi 


where  A  is  the  seaiaxis  of  the  Barth* 

The  beet  determination  of  the  parallax  of  the  Sun  on  the  bases  of  numerous 
observations  of  radial  velocities  for  seven  stars  was  made  at  the  Cape  (Gape  of 
Good  Hope)  Observatory,  and  its  value  is: 

8  ",802*0.  "004 

The  aean  value  of  the  solar  parallax  obtained  by  various  methods  is  8  ".8031. 
OL'004.  The  mean  constant  of  aberration  (knowing  the  velocity  of  light  and  of  the 
Barth)  has  been  also  determined  by  various  nsthods,  and  the  values  20".473±0.015 
is  very  close  to  the  aooepted  ralue  20".  47.  Thus,  it  is  possible  to  determine 
accurately  by  means  of  radial  velocities  one  of  the  most  fundamental  of  astronomical 
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